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ABSTRACT Recombinant rat stem ccfl factor (SCF) was 
studied for its ability to stimulate the growth of taurine 
bematopoietk progenitor cells and to generate colony-fonning 
cefls (CFC) from highly enriched porjalations of hematopoietic 
cells. In senim-deprived cultures, SCF alone stimulated few 
colonies but interacted with a number of other bematopoietk 
growth factors, particularly interieukin 3, to promote colony 
formation. Hie most marked effect was on the generation of 
mixed-cell colonies. Hematopoietic cells were sorted into 
wheat-germ aggratmin-negative, inooocyte-depfcted, rhoda- 
mine 123 (Rhl23)-bright or Rhl23~duH cefls. Historically, 
Rhl23-bright cells are capable of short-term (<1 mo) marrow 
eograftment, whereas among Rhl23-duD cells are ceils capable 
of long-term marrow engraftment. Enriched cells (2.5 x l(p) 
were placed into serum-deprived liquid cultures with various 
bematopoietic growth factors. Initially, the Rhl23-bright and 
Rhl23-duD cells had few CFC but, in the presence of mterleu- 
kln 3 and SCF, Rhl23-bright cells gave rise to > 15,000 
granulocyte/macrophage CFC, >1500 erythroid burst- 
forming cells, and >700 mixed-cell CFC by day 5. In contrast, 
Rhl23-duD cells proliferated oiirym the presence of mterioikm 
3 and SCF, but total ceO numbers rose to a peak of 18,000 by 
day 21, and one-third of the cells were CFC. Thus, SCF, In 
combination with other growth factors, can generate large 
numbers of CFC from pre-CFC and appears to act earner than 
hematopoietic growth factors described to date. 



An important goal of experimental hematology is understand- 
ing the factors that control proliferation and differentiation of 
pluripotent hematopoietic stem cells (PSQ. In pursuit of this 
goal, several methods have been described recently to purify 
PSC from rodents and primates based on ability of the 
isolated cells to reconstitute hematopoiesis in appropriate 
recipients (1-4). PSC capable of long-term (>4 mo) marrow 
reconstitution (5-7) were separated from cells capable of 
short-term (<1 mo) repopulation. Cell function correlated 
with the degree to which such PSC are in the G c stage of the 
cell cycle (8). Because cell quiescence correlates with the 
mitochondrial activity of the cells, the two cell populations 
are separable based on differences in their ability to take up 
the dye rhodamine 123 (Rhl23) (9). 

Many hematopoietic growth factors have been identified 
that affect the proliferation and differentiation of hematopoi- 
etic progenitor cells (10). In contrast, little is known about the 
factors that control proliferation of PSC. 

Rhl23-dull and Rhl23-bright populations can proliferate 
and colonize murine marrow. Although both cell populations 
die within 24 hr in culture without growth factors, they can 
induce a cobblestone area of hematopoiesis if seeded on 
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marrow-stromal cells (11, 12). The factors produced by the 
marrow stroma responsible for PSC growth have not yet been 
identified. Rhl23-bright cells can be induced into cell cycle 
by interieukin 3 (JLrl) (13, 14). Erythropoietin (Epo) (15), 
macrophage colony-stimulating factor (M-CSF), IL-1, and 
IL-6 (16, 17) synergize with IL-3 by synchronizing entry of 
these cells into the cell cycle (16). However, proliferation of 
these cells results predominantly in differentiation because 
the cells with niarrow-repopulating ability are lost after only 
a 24-hr exposure to IL-3 (15), whereas the number of pro- 
genitor cells in the culture progressively increases, reaching 
a peak after 4 days (18). Because IL-3 has not been shown to 
be produced by stromal cells in vivo or in vitro , the identity 
of the growth factor that induces proliferation of Rhl23-bright 
cells remains to be determined. 

Recently stem-cell factor (SCF), the ligand for the c-fc'f 
gene product (19-22), has been isolated, and its gene has been 
cloned and expressed. SCF is expressed in a number of 
tissues during early development (23) and potentially is 
involved in the organization of multiple tissues, including 
hematopoiesis. We have studied the effect of recombinant rat 
SCF, alone and in combination with other hematopoietic 
growth factors, on the proliferation and differentiation of 
murine progenitor cells as well as highly enriched Rhl23- 
bright and Rhl23-dull cells. Although SCF had little colony- 
stimulating activity by itself, it interacted with all growth 
factors tested and, in conjunction with IL-3, generated large 
numbers of CFC from Rhl23-bright and Rhl23-dull cells. 
Thus, SCF is the most potent stimulus identified to date for 
generating many CFC from pre-CFC. 

MATERIALS AND METHODS 

Mice. B6C3J (The Jackson Laboratory) or CD1 (Charles 
River Breeding Laboratories) males (10-12 g) were used. 
Mice were provided with sterilized food and water ad libitum. 

Growth Factors. Pure recombinant murine IL-3 and gran- 
ulocyte/macrophage CSF (GM-CSF) were provided by J. J. 
Mermod (Glaxo). Pure recombinant human Epo and granu- 
locyte CSF (G-CSF) and purified recombinant rat SCF (24) 
were provided by J. Egrie, L. Souza, and K.Z. (Amgen), 
respectively. 

Each growth factor was used at a concentration that 
induced a maximal number of colonies in serum-deprived 
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cultures of total marrow. These concentrations were 100 
units/ml for IL-3, 10 units/ml for GM-CSF, 1000 units/ml for 
G-CSF, 1.5 units/ml for Epo, and 100 ng/ml for SCF. 

Enrichment of Hematopoietic Cells. Hematopoietic ceils 
were enriched, as described (1, 25). Adult mouse marrow 
cells were collected by flushing the femurs with Hanks* 
balanced salt solution (GIBCO) buffered at pH 6.7 with 
Hepes (10 mM; Merck) and supplemented with penicillin (100 
international units/ml) and streptomycin (0.1 mg/ml). Cells 
were filtered through a nylon sieve and then centrifuged (400 
x g for 10 min at 4°C) in a discontinuous metrizamide 
(Nyegaard, Oslo) density gradient in the presence of wheat 
germ agglutinin (WGA) bound to fluorescein isothiocyanate 
(FITC; 1 Mg/10 ml of metrizamide solution; Polysciences). 
The low-density cells were washed once and analyzed by 
using a light-activated cell sorter (FACS II; Becton Dickin- 
son). Cells with medium and high WGA-FITC fluorescence, 
medium forward and low perpendicular light-scatter intensi- 
ties, were sorted. Subsequently, WGA-FITC was removed 
from the cells by incubation with an isotonic solution of 
yV-acetyl-D-glucosamine (0.2 mol/1; Polysciences). The cells 
were then labeled with the monoclonal antibody (mAb) 15-1.1 
(26) directly conjugated with FITC and sorted again. The 
mAb 15-1.1-negative cells were stained with Rhl23 (Eastman 
Kodak) and sorted again. Rhl23-dull and -bright cells were 
separated on the basis of fluorescence. The effectiveness of 
separation was monitored by the spleen colony-forming 
assay (CFU-S). Preliminary experiments revealed a 1500-fold 
enrichment of day 12 CFU-S in the Rhl23-bright population 
and a 250-fold increase in the Rhl23-dull population (data not 
shown). 

Cell Culture. Intact marrow cells or enriched cell popula- 
tions were cultured either in semisolid medium to enumerate 
CFC, or 2.5 x 10 3 sorted cells were incubated in 0.5 ml of 
liquid culture for 2-21 days. In the latter case, the number of 
CFC in the culture was evaluated at different intervals by 
culturing an aliquot (20% of the volume) of cells from the 
suspension culture. 

For CFC assays, 5 x 10 4 marrow cells were cultured in 
semisolid medium containing the following components in 
Iscove's modified Dulbecco's medium: methylcellulose 
(0.8%, final concentration), 2-mercaptoethanoI (75 mM), and 
either 40% (vol/vol) fetal bovine serum (Hyclone) or a 
mixture of fetal bovine serum-replacing components — 
deionized bovine serum albumin (fraction V, Sigma) and 
bovine serum albumin-adsorbed cholesterol and soybean 
lecithin (Sigma; final concentration 200 fiM for both), iron- 
saturated human transferrin (Behring; 9 /iM), insulin (Sigma; 
1.7 jiM), nucleosides (10/tg/ml each), hemin (Sigma; 10 /*M), 
sodium pyruvate (100 jiM), and L-glutamine (2 mM), as 
reported (27, 28). 

For liquid suspension cultures, methylcellulose was re- 
placed by Iscove's modified Dulbecco's medium. 

RESULTS 

The Effect of SCF on CFC Growth. As shown in Fig. 1, 
increased concentrations of SCF interacted with Epo or 
G-CSF to promote the growth of erythroid bursts, granulo- 
cyte/macrophage (GM) colonies, or mixed-cell colonies. 
SCF, alone, supported the growth of few erythroid bursts; 
however, SCF synergized with Epo to provide more bursts 
than were obtainable with Epo plus spleen cell-conditioned 
medium (28). In contrast, SCF supported half the number of 
GM colonies found with G-CSF plus spleen cell-conditioned 
medium. SCF interacted with G-CSF in a dose-dependent 
fashion. 

Although unable to promote mixed-cell colony growth by 
itself, SCF interacted with Epo to promote nearly as many 
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Fig. 1. Effect of increased concentrations of SCF on growth of 
erythroid bursts (Top), GM colonies (Middle), and mixed-cell colo- 
nics (Bottom) in serum-deprived cultures of unfractionated mouse 
marrow cells (5 x 10 4 cells per dish) in the presence of Epo or G-CSF. 
Number of colonies observed with 100 ng of SCF alone is also shown. 

mixed-cell colonies as seen with Epo plus spleen cell- 
conditioned medium. 

Fig. 2 shows the effect of SCF alone or in combination with 
other hematopoietic growth factors on colony formation by 
Rhl23-bright cells. Erythroid bursts, GM colonies, and 
mixed-cell colonies were scored. SCF alone was incapable of 
supporting colony growth. IL-3, G-CSF, and GM-CSF, by 
themselves, supported only a few GM colonies. Epo alone 
supported no erythroid or mixed-cell colonies. In combina- 
tions, SCF with Epo gave rise to some erythroid bursts, 
whereas SCF, IL-3, and Epo, together, gave rise to 1-5 
mixed-cell colonies, 50 GM colonies, and 5-10 pure erythroid 
bursts. SCF synergized with IL-3 to support GM colonies and 
synergized with G-CSF and GM-CSF to support the growth 
of GM colonies. Thus, SCF interacted with multiple hema- 
topoietic growth factors to promote colony formation by a 
subpopulation of highly enriched murine hematopoietic cells. 

Effect of SCF in Liquid Culture of Rhl23-B right and RM23- 
Dull Cells. Fig. 3 shows the effect of SCF and IL-3, alone and 
in combination, on total cell numbers and CFC, over time, in 
serum-deprived liquid culture of Rhl23-bright cells, The cell 
input was 2500 per well. After 2 days, the number of cells 
became virtually undetectable (Fig. 3A). Without growth 
factors, no cell proliferation occurred. In the presence of IL-3 
alone, up to 30,000 cells were seen by day 5; this number 
declined by day 10. With SCF alone, several hundred cells 
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Fig. 2. Effect of SCF, alone or in combination with Epo, IL-3, 
GM-CSF, or G-CSF, on growth of erythroid bursts, GM colonies, 
and mixed-cell colonies {Top, Middle, or Bottom, respectively) from 
WGA + /mAb 15-l.l-/Rhl23-bright marrow cells (500 cells per dish) 
in serum-deprived cultures. Data represent the mean (±SD) of three 
experiments performed in duplicate. Large SDs were seen due to the 
highly variable number of CFC detectable in primary cultures of 
Rhl23-bright cells. 

were present on day 5, but these became undetectable at day 
10. IL-3 and SCF together, however, yielded nearly 200,000 
cells by day 5, which declined to 100,000 by day 10. 

Similar effects on CFC were seen (Fig. W). Few CFC were 
present in the Rhl23-bright input cells. Without added growth 
factor, no CFC appeared. With IL-3, few GM colony-forming 
units (CFU-GM) were detected on day 2 but their numbers 
increased to =2000 by day 5. Some erythroid burst-forming 
cells (BFU-E) and mixed-cell CFC were detected by day 5. 
SCF alone gave rise to a small number of detectable BFU-E, 
GM-CFC, and mixed-cell CFC by day 5. Again, the combi- 
nation of IL-3 and SCF was most dramatic in giving rise to 
1500 mixed-cell CFC, nearly 15,000 GM-CFC, and over 700 
BFU-E after 5 days in culture. CFC numbers declined by 10 
days. 

Subsequent experiments were done on day 5 cells to 
examine the interaction of SCF with other growth factors 
(Fig. 4). Again, without growth factors, cell numbers de- 
clined, and no CFC accumulated. SCF, G-CSF, and Epo, by 
themselves, promoted the accumulation of few CFC, and 
SCF and G-CSF maintained total cell numbers to a limited 
degree. In contrast, IL-3 and GM-CSF, by themselves, 
promoted considerable cell proliferation, and, for IL-3, the 
appearance of small numbers of BFU-E, GM-CFC, and 
mixed-cell CFC. GM-CSF is of particular interest in that it 
stimulated cell proliferation (^100,000 from an input of 2500) 
but virtually no CFC. Most potent were SCF and IL-3; SCF 
and GM-CSF; and SCF, Epo, and IL-3. The addition of SCF 
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Fig. 3. Effect of SCF, alone or in combination with IL-3, on total 
cell numbers (A) or the number of BFU-E (0), CFU-GM (C), and 
mixed-cell CFC (Z>) arising in liquid culture of WGA + /mAb 15-1.1"/ 
Rhl23-bright marrow cells. Input cell values (day 0) and values after 
2, 5, and 10 days are presented. Data represent the means of four 
separate experiments. 

to the suspension culture resulted in much larger numbers of 
CFC of all types. 

In experiments similar to those with Rhl23-bright cells, 
2500 Rhl23-dull cells were placed into serum-deprived sus- 
pension culture. Results for 10 and 21 days of suspension 
culture are shown in Table 1, as no changes of consequence 
were seen during the first 5 days of culture. In these exper- 
iments, the Rhl23-dull cells contained no detectable CFC at 
input. When no growth factors were added to the suspension 
cultures, no cells or CFC were recoverable. IL-3 alone, SCF 
alone, and the combination of G-CSF, GM-CSF, and IL-3 
failed to sustain cell numbers or allow any accumulation of 
CFC. However, over a 10-day period, the combination of 
IL-3 and SCF not only maintained total cell numbers but also 
led to the appearance of BFU-E, GM-CFC, and mixed-cell 
CFC. These numbers increased further by day 21, at which 
point a nearly 8-fold amplification of total cell numbers was 
seen as well as more accumulation of BFU-E, GM-CFC, and 
mixed-cell CFC. By day 21, one-third of the cells were CFC. 
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Fig. 4. Effect of SCF, alone and in combination with several 
hematopoietic growth factors, on proliferation and differentiation of 
WGAVmAb 15-1.1 _ /Rhl23-bright marrow cells after 5 days of 
liquid culture under serum-deprived conditions. Total cell number 
and numbers of BFU-E, CFU-GM, and mixed-cell CFC are shown 
in A-D, respectively. A representative experiment is shown. 

DISCUSSION 

SCF is an additional hematopoietic growth factor, the gene 
for which has recently been cloned and expressed (19-22, 
24). SCF is encoded in the Steel locus and is the ligand for the 
c-kit tyrosine kinase receptor. Steel (Sl/SF*) mice have a 
number of developmental abnormalities, including altered 
coat color, lack of primordial germ cells, reduced support of 
hematopoietic stem cells, lack of mast cells, as well as 
macrocytic anemia (29). SCF is expressed differentially by a 
variety of tissues during murine embryogenesis and may have 
a role in development (23). 

We have studied the effect of purified recombinant rat SCF 
on the in vitro proliferation and differentiation of adult murine 
hematopoietic progenitor cells and have examined the effect 
of SCF, alone or with other hematopoietic growth factors, on 
the proliferation and differentiation of highly enriched murine 
progenitor cells. These studies were designed to assess the 
range of progenitor cell activities of SCF and the range of 
potential interactions that SCF might have with other growth 
factors. The enrichment procedure chosen was designed to 
isolate populations of cells that had been shown previously to 
contain within them the cells responsible for short- or long- 



Table 1. Effect of hematopoietic growth factors alone and in 
combination on proliferation and differentiation of Rhl23-dull cells 
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term marrow repopulation (Rhl23-bright and Rhl23-duli, 
respectively). 

SCF alone was found to have little colony-stimulating 
activity in serum-deprived cultures. These results are similar 
to those of Broxmeyer et al. (30). Our findings are also similar 
to those made earlier for GM-CSF and IL-3 (15, 31) and are 
consistent with the thesis that early-acting factors require one 
or more later-acting factors for full colony growth to be 
observed. This hypothesis was borne out in studies that 
documented various patterns of interactions between SCF 
and IL-3, GM-CSF, G-CSF, and Epo. 

In subsequent experiments, murine marrow cells were 
separated into Rhl23-bright and Rhl23-dull populations. 
Rhl23-bright or Rhl23-dull cells gave rise to few or no 
colonies when plated directly in semisolid medium with 
growth factors and without serum. Previous studies have 
demonstrated that both populations give rise to spleen col- 
onies in the CFU-S assay. Rhl23-bright cells contain both 
day 8 and day 12 CFU-S, whereas Rhl23-dull cells contain 
predominantly day 12 CFU-S (11). Rhl23-bright cells are 
incapable of long-term marrow reconstitution, suggesting 
that cells other than day 12 CFU-S, present among the 
Rhl23-dull cells, are responsible for this function. 

The results observed with the enriched cell populations 
confirmed that SCF can interact with a variety of hemato- 
poietic growth factors and suggested that SCF was key to the 
accumulation of CFC over time. The results also demon- 
strated that the kinetics of response to SCF and other growth 
factors of Rhl23-bright cells differed from the kinetics of the 
response of Rhl23-dull cells. The peak response of Rhl23- 
bright cells was on day 4 or 5 of suspension culture. For 
Rhl23-dull cells, there was no early wave of proliferation 
and, under the conditions tested, the highest numbers of cells 
were seen at day 21. At this time, one-third of all cells that had 
accumulated were CFC of various classes, including mixed- 
cell CFC. 

The kinetics of response to SCF in conjunction with IL-3 
suggest that the more primitive cells are among the RM23- 
dull population, in keeping with observations that this cell 
population is responsible for long-term marrow reconstitu- 
tion. Furthermore, the results raise the possibility that SCF, 
alone or with one or another growth factor, can amplify the 
population giving rise to long-term marrow reconstitution. 

The results also suggest other uses for SCF. If Rh 123-d ull 
cells can be activated into cell cycle by SCF, they provide a 
more prime target for gene-transfer experiments. Further- 
more, if cells capable of long-term marrow reconstitution are 
amplified by SCF, strategies may be devised for the ampli- 
fication of human stem cells in vitro and their storage for 
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eventual transplantation, because the gene for human SCF 
has also been cloned and expressed (24). The successful 
development of this methodology would simplify the trans- 
plantation process in a number of ways. 
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Long-Term Generation of Human Mast Cells in Serum-Free 
Cultures of CD34+ Cord Blood Cells Stimulated With 
Stem Cell Factor and Interleukin-3 
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Anna Rita Migliaccio, and John W. Adamson 



The generation of murine mast cells is, supported by several 
cytokines, and mast cell lines are frequently established in 
long-term cultures of normal murine marrow cells. In con- 
trast, growth of human mast cells was initially dependent 
on coculture with murine fibroblasts. The growth factor pro- 
duced by murine fibroblasts and required to observe differ- 
entiation of human mast cells is attributable in part to stem 
cell factor (SCF). However, other factors are likely involved. 
We have previously shown that the combination of SCF and 
interleukin-3 (IL-3) efficiently sustains proliferation and dif- 
ferentiation of colony-forming cells (CFCs) from pre-CFC en- 
riched from human umbilical cord blood by CD34+ selection. 
With periodic medium changes and the addition of fresh 
growth factors, five consecutive cultures of different cord 
blood samples gave rise to differentiated cells and CFCs for 
more than 2 months. Although differentiated cells continued 
to be generated for more than 5 months, CFCs were no 
longer detectable by day 50 of culture. The cells have the 

PROLIFERATION OF murine mast cells is sustained by 
several cytokines including interleukin-3 (IL-3), IL-4, 
IL-9, and IL-10 1 * 4 , as well as stem cell factor (SCF), 5-8 which 
is also termed mast cell growth factor 9 or kit ligand. 5 Further- 
more, in long-term cultures of normal murine marrow cells, 
cell lines have frequently been established based on their 
dependence on IL-3 for growth. 10,11 12 Although they retain 
the capacity to differentiate along other hematopoietic lin- 
eages when stimulated with appropriate growth factors, 13 ' 1415 
most of these cell lines have a mast cell phenotype. 10 The 
cells are karyotypically normal by light microscopy and they 
do not induce tumors when injected into syngeneic recipi- 
ents. The molecular events that result in immortalization of 
these cell lines are unknown. 

In contrast, several human cytokines, including IL-3, have 
failed to sustain proliferation of human mast cells and, to 
date, no ceil lines have been established from normal human 
long-term marrow cultures. However, human stromal cells 
supporting long-term hematopoiesis are less efficient than 
their murine counterparts. 16 In vitro, growth and differentia- 
tion of human mast cells have been reported in cocultures 
of mononuclear cord blood ceils and Swiss albino/3T3 fi- 
broblasts. 17 The growth factor produced by the murine fi- 
broblasts and responsible, at least in part, for proliferation 
and differentiation of the human mast cells, recently has 
been identified as SCF, 18 the ligand for the receptor encoded 
by the proto-oncogene c-kit. 3,1M9 In fact, several independent 
reports have shown human mast cell differentiation from 
unfractionated cord blood mononuclear cells 18 or adult blood 
and marrow 20 in serum-supplemented cultures stimulated 
with SCF. Cells with a mast cell phenotype were first de- 
tected after 4 weeks of culture 18,20 and became the predomi- 
nant cell population by week 13. The cultures were not main- 
tained beyond that point. However, the establishment of rat 
mast cell lines has been reported in cultures stimulated with 
SCF. 21 



morphology of immature mast cells, are Toluidine blue posi- 
tive, are karyotypically normal, are CD33\ CD34", CD 45*, c- 
kit~, and c-fms~, and die in the absence of either SCF or IL- 
3. These cells do not form colonies in semisolid culture and 
are propagated fin liquid culture stimulated with SCF and IL- 
3 at a seeding concentration of no less than 10 4 cells/mL. At 
refeedings, the cultures contain a high number (>50%) of 
dead cells and have a doubling time ranging from 5 to 12 
days. This suggests that subsets of the cell population die 
because of a requirement for a growth factor other than SCF 
or IL-3. These results indicate that the combination of cord 
blood progenitor and stem cells, plus a cocktail of growth 
factors including SCF and IL-3, is capable with high efficiency 
of giving rise in serum-deprived culture to human mast cells 
that behave like factor-dependent cell lines. These cells may 
represent a useful tool for studies of human mast cell differ- 
entiation and leukemia. 

© 1994 by The American Society of Hematology. 

We have previously shown that the combination of SCF 
and IL-3 22 - 23 is at least as efficient as a stromal layer 24 in 
sustaining the proliferation and differentiation of colony- 
forming cells (CFCs) from pre-CFC in serum-deprived liquid 
culture. The * target cells for our studies were CD34 + cells 
isolated from human umbilical cord blood. In this report, we 
describe the establishment of long-term cultures of human 
mast cells from normal human CD34 + cord blood cells in 
stroma-free suspension culture stimulated with SCF and IL- 
3 under serum-deprived conditions. 

MATERIALS AND METHODS 

Collection and separation of cord blood cells. Umbilical cord 
blood samples were collected at the New York Hospital-Cornell 
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University Medical Center under protocols approved by the Institu- 
tional Review Boards of both the New York Hospital -Cornell Uni- 
versity Medical Center and New York Blood Center. 

The cells were first separated by centrifugation over a density 
gradient (1.077 g/mL; Ficoll-Hypaquc; Pharmacia, Uppsala, Swe- 
den). The light-density cells were then depleted of adherent cells 
and T-lymphocytes by a modification 25 of the soybean agglutination 
(SB A) method of Reisner et al. 26 The SBA" cells were then adhered 
to flasks coated with anti-CD34 antibody (Applied Immune Sciences, 
Menlo Park, CA). Nonadherent cells were removed and then adher- 
ent cells (defined as CD34 + ) were harvested by mechanical agitation 
of the flask as described," Alternatively, CD34* cells were separated 
directly from the light-density cell fraction by affinity chromatogra- 
phy with the Ceprate device (Cellpro. Bothell, WA). as described 
by the manufacturer. The frequencies of CFC and of CD34 1 cells 
in the CD34* cell populations purified according to the two tech- 
niques were subsequently analyzed in semisolid cultures (see below), 
or reanalyzed by flow cytometry after staining with a CD34-specific 
antibody (Gen Trak, Plymouth Meeting, PA). The frequencies of 
CD34 + cells as determined by fluorescence-activated cell-sorting 
analysis were 3% or 30% for the cells purified by panning or by 
affinity chromatography, respectively, and were comparable with the 
frequencies of CFC detected in the two populations. Despite the 
differences in the frequencies of CD34* cells and CFC in cells 
purified by either of the two techniques, similar results were obtained 
in liquid culture. 

Hematopoietic growth factors. The purified recombinant human 
hematopoietic growth factors used included erythropoietin (Epo), 
granulocyte colony-stimulating factor (G-CSF), SCF (all from Anti- 
gen, Thousand Oaks, CA), and 1U3 (Genetics Institute, Cambridge, 
MA). G-CSF. IL-3, and SCF were used at concentrations that in- 
duced the optimal response in fetal bovine serum (FBS)-deprived 
cultures of human marrow cells. 25 *" These concentrations are 2 X 
10* 10 mol/L of G-CSF, 2 x 10"'° moi/L of IL-3, 100 ng SCF/mL, 
and 1.5 U Epo/mL per culture. 

Establishment of mast cell cultures from CD34* cord blood cells. 
Harvested CD34' cord blood cells (2.5 X 10 4 purified cells/flask) 
were incubated at 37°C in liquid culture under serum-deprived condi- 
tions" in the presence of recombinant human IL-3 (2 X 10" !0 mol/ 
L: Genetics Institute, Cambridge, MA) and recombinant human SCF 
(100 ng/mL; Amgen, Thousand Oaks, CA). The concentrations of 
human IL-3 and SCF used in this paper were previously shown to 
induce optimal proliferation of human progenitors 23 * 2 * and mast 
cells/ The serum-deprived culture medium was composed of Is- 
cove's modified Dulbecco's medium (IMDM) supplemented with 
/?-mercaptoethanol (7.5 X 10" 5 mol/L), antibiotics (100 U of penicil- 
lin, 250 ng of amphotericin B, and 100 /xg of streptomycin), deion- 
ized bovine serum albumin (BSA; 2 X 10~ 4 mol/L), BSA-adsorbed 
cholesterol (4 /ig/mL), and soybean lecithin (12 ^g/mL), iron-satu- 
rated human transferrin (5 x 10~ 7 mol/L), insulin (1.7 x 10" 6 mol/ 
L), nucleosides (10 /2g/mL each), inorganic salts, sodium pyruvate 
(10' 4 mol/L), and L-glutamine (2 X 10" 3 mol/L). All the chemicals 
were obtained from Sigma Chemical Co (St Louis, MO). Cell growth 
was monitored periodically with an inverted microscope. When the 
cell concentration in the flasks appeared to reach more than 0.5 X 
IfrVmL, the cultures were demi-depopulated by replacing 50% of 
die medium with fresh medium and growth factors. 32 The removed 
cells were counted and immunophenotyped and their content of 
CFCs was evaluated in semisolid cultures. 

Colony assays. Hie CFC content of the harvested cells was 
evaluated in a standard methylcellulose assay. Briefly, each 1-mL 
dish contained FBS (Hyclone, Logan, UT; 30% vol/vol). BSA (0.9%, 
wt/vol), 0-mercaptocthanol (7.5 X 10" s mol/L), antibiotics (100 U 
of penicillin, 250 ng of amphotericin B and 100 fig of streptomycin), 
and methylcellulose (0.8%, wt/vol, final concentration) in 1MOM. 



Table 1. Antigenic Markers of Long-term Cultures Derived 
From CD34* Cord Blood Cells 

Mast Cell 
Cultures 



No. 38 No. 41 Specificity 



CD34 (Gen Trak Inc, 




pre-CFCs, CFCs 


Plymouth Meeting, 






MA) 






CD33 (Gen Trak Inc) * 




gp 67, CFCs, monocytes, 






mast cells 


HLA-DR (Gen Trak Inc) 


_ 


B cells, monocytes. 






activated T cells 


CD3 (Gen Trak Inc) 


- 


T-cell receptor 


CD45 (Gen Trak Inc) ± 




Leukocyte common antigen 


CD14 (Gen Trak Inc) 




Monocytes, macrophages, 






granulocytes 


CD16 (Gen Trak Inc) 




NK cells, granulocytes 


CD19 (Gen Trak Inc) 




B cells 


CD 42b (Amac Inc, 




Platelet gplb 


Westbrooke, lOlE) 






CD 56 (Gen Trak Inc) 




NK cells 


CD W64 (Harlan Inc. 




Monocytes 


Indianapolis, IN) 






c-kit (Dr A. Ulrich or + 


+ 


CFCs, mast cells 


Amac Inc) 






c-fms/CSF-1 receptor 




Monocytes 


(Oncogene Science 






Inc, Manhasset, NY) 







Abbreviation: NK, natural killer. 



Colony growth was stimulated with combinations of growth factors 
at appropriate concentrations, including Epo (1.5 U/mL) t IL-3 (2 X 
10*'° mol/L), and SCF (100 ng/mL) for erythroid burst-forming cell 
(BFU-E) growth and mixed-cell CFC growth and G-CSF (2 X I0 _i0 
mol/L), IL-3 (2 X 10" !0 mol/L), and SCF (100 ng/mL) for granulo- 
cyte-macrophage CFC (GM-CFC) growth. Colonies were identified 
by their characteristic features after 12 to 14 days in culture and 
enumerated as described. 2 ? 

Characterization of the cell cultures. Cell-surface phenotype 
was determined by cytofluorimetric analysis on FACScan (Becton 
Dickinson, Mountain View, CA) of cells incubated with several 
antibodies specific for antigens expressed on hematopoietic cells. 
Hie source of the antibodies is specified in Table 1. Cytochemical 
analysis was performed with specific kits provided by Sigma or with 
Toluidine blue ( 1% wt/vol in Mcllvaine buffer, pH 4.0). For electron 
microscopy studies, the cells were fixed in suspension with phos- 
phate-buffered 3% glutaraldehyde, osmicated, and embedded in 
PolyBed 812. Thin sections were examined with a Philips EM 410 
electron microscope. Karyotypic analysis was performed in the Lab- 
oratory of Human Genetics of the Lindsley F. Kimball Research 
Institute by Dr James German. 

RNA preparation and Northern blot analysis. RNA was ex- 
tracted with phenol-chloroform from acid guanidiniuin-isothiocya- 
nate cell lysates. 29 RNA was size-fractionated by electrophoresis on 
agarose (1%) gel under denaturing conditions and blotted onto nylon 
membranes (Bio-Rad Laboratories, Richmond, CA) that were subse- 
quently hybridized with the human c-kit (American Tissue Culture 
Collection depository), myeloperoxidase (a gift of Dr G. Rovera, 
Wistar Institute, Philadelphia, PA), /?-globin, the or chain of the 
F C E receptor (Dr C. Wood, Genetics Institute, Cambridge, MA), 
or glyceraldehyde-3-phosphate dehydrogenase <(G3PD) W probe, us 
indicated. Each probe was radiolabeled by random oligonucleotide 
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priming (Amersham International, Amersham, UK) to a specific 
activity of 4 to 8 X 10' dpm/mg. After probing, the membranes 
were washed as recommended by the manufacturer and exposed for 
appropriate lengths of time with X-Omat film (Sigma) in cassettes 
for autoradiography (Amersham). 

DNA preparation and Southern blot analysis. The possibility of 
Epstein-Barr vims (EBV) infection was investigated by Southern 
analysts. High molecular- weight genomic DNA was prepared by the 
procedure of Herrman and Frischauf. 31 DNA (10 mg) was digested 
with Pst 1 and HindlU (New England Biolabs, Beverly. MA), sepa- 
rated by electrophoresis on 0.8% agarose gel, and transferred to a 
nylon membrane. Membranes were baked at 80°C for 30 minutes in 
a vacuum oven and hybridized with cDNA radiolabeled by random 
oligonucleotide priming (Amersham). The probe represented a frag- 
ment of the virus genome (p 1 07.5) and was kindly provided by Dr 
Riccardo Dalla Favera (Columbia University, New York, NY). 

RESULTS 

Long-term generation of cord blood cells. The growth 
pattern of CD34* cord blood cells in liquid culture stimulated 
with IL-3 and SCF is shown in Fig 1. During the first 2 to 
3 months, large numbers of differentiated cells including 
erythroid as well as myelomonocytic cells 23 and CFCs of 
all types (BFU-E, GM-CFC, and mixed-cell CFC) 23 were 
generated. CFC were no longer detectable after 50 days of 
culture, but differentiated cells continued to accumulate. The 
morphology of these cells became more uniform over time 
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Rg 1 . Total cell number (top) and progenitors of all types (bottom) 
in a typical long-term culture of CD34* cord blood cells stimulated 
with SCF end IL-3. At each time point, the cultures were deml-depop- 
ulated as Indicated by the double values connected with a vertical 
line. The values have not been corrected for demt-depopulation. The 
number of CFCs decreased to levels below detection by day 50, 
whereas large numbers of cells continued to be generated through- 
out the culture period. 



(Fig 2A). Beyond 3 months, cell proliferation was main- 
tained with medium changes and the addition of fresh growth 
factors every 3 to 4 days. 

The different mast cell cultures obtained are summarized 
in Table 2. The oldest cultures are now 5 to 8 months old 
and the cells have a doubling lime ranging from 5 to 12 days. 
Furthermore, if cryopreserved, these cells can be thawed and 
cultured again for another prolonged period of time (>4 
months) with no change in morphology or growth parame- 
ters; therefore, these cells behave like growth-factor- depen- 
dent cell lines. The long doubling time results from the fact 
that the cultures contain a high number (>50%) of trypan 
blue-positive (nonviable) cells. 

The proliferation of these cells is dependent on the pres- 
ence of SCF in combination with IL-3. Cells cultured in the 
absence of growth factor or in the presence of either SCF 
or IL-3 alone died within a few days. The growth of these 
cultures is also cell concentration-dependent since cultures 
were lost when initiated with a cell concentration less than 
lOVmL. No proliferation was observed if FBS (up to 20% 
vol/vol)' was added to the liquid cultures. The cells failed to 
proliferate in semisolid culture at any cell concentration — 
even in FBS-deprived conditions. 

Morphology, cell surface phenotype, and cytochemical 
analysis. To identify and characterize the cells generated 
in culture, two of the long-term cultures, #38 and #41, were 
examined for cell morphology, imruunophenotype, and cyto- 
chemical markers at months 7 and 4, respectively. As ob- 
served by light microscopy, May-GrUnwald-Giemsa- stained 
cells were mononuclear, filled with cytoplasmic granules, 
and had a mast cell-like morphology (Fig 2A). Cell-surface 
expression of CD33 and c-kit further indicated that the cul- 
tures contained mast cells (Table 1 and Fig 3). These findings 
were consistent with the detection of metachromatic granules 
in the cytoplasm of Toluidine blue-stained cells and more 
than 90% of all viable cells were Toluidine blue-positive 
(Fig 2B and Table 3). However, although the cells did not 
express myeloperoxidase or /?-globin (Fig 4), they were posi- 
tive for markers specific for other cell types, including tar- 
taric acid-sensitive acid phosphatase, tartaric acid-resistant 
acid phosphatase, and naphthol AS-D chloroacetate esterase 
(Fig 5 and Table 3). This raised the possibility that the in 
vitro-derived mast cells are immature. In agreement with 
this, a representative cell from the generated cultures exhib- 
ited ultrastructural features of immature mast cells as shown 
by electron microscopy. 32 The micrograph in Fig 6 showed 
that, except for small indentations, the nucleus was oval and 
un segmented, it displayed a dispersed chromatin pattern, and 
there were numerous cytoplasmic granules that had a hetero- 
geneous content. Further indication that the mast cells were 
immature came from the fact that the granules were negative 
for safranin staining and the cells did not express detectable 
levels of the a chain of the high affinity F C E receptor (not 
shown), another marker of mature mast cells. 33 

Expression of c~kit protein/RNA and downmodulalion by 
SCF, To determine the homogeneity of the long-term cul- 
tured mast cells with regard to cell surface expression of c- 
kit receptor, a human c-kit-specific monoclonal antibody 
was used for immunofluorescence analysis and it is reason- 
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Fig 2. May GrOnwald Giemsa (A) and Toluidfne blue (B) staining 
of the cells recovered after 4 months in liquid culture of CD34* cord 
blood celts stimulated with SCF and IL-3 (original magnification x 
100). 



able to assume that the fluorescence intensity correlates with 
the level of c-kit protein. As shown in Fig 3, almost all the 
cells expressed c-kit protein on the cell surface with a uni- 
modal distribution. This indicates that the mast cell culture 
generated represents a relatively homogeneous population. 

Because SCF and IL-3 are constantly present in the me- 
dium, they may influence the steady-state level of c-kit pro- 
tein on these cells. Removal of both SCF and IL-3 from the 
culture medium for 6 hours elevated the mean fluorescence 
intensity (MFI) on the cell surface twofold (79.8 ± 13.6 v 
39.1 ± 4.4, P < .01). The increase in the level of c-kit protein 



Fig 5. Cytochemlcal staining of the cells recovered after 4 months 
of liquid culture in the presence of SCF and IL-3 (original magnifica- 
tion x 100 ). (A) Alkaline phosphatase; (B) acid phosphatase; (C) tar- 
taric acid-resistant acid phosphatase; and (0) naphthol AS-D chloro- 
acetate esterase are shown. 
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Table 2. Summary of Long-term Mast Cell Cultures 






Obtained to Date 




Cell 


Time In 


CfCa Detected 


Doubling 




Line 


Culture 


Until Day 


Time 


Status 


27 


5 mo 


ND 




Cryopreserved 


37 


3 mo 


55 




Cryppreserved 










at day 87 


38 


7-8 mo 


70 


6-12 d 


Stiil growing 


41 


5-6 mo 


70 


4-5 d 


Still growing 


45 


2 mo 


ND 




Still growing 



Abbreviation: ND, not determined. 



was rapid and dependent on the duration of deprivation of 
the growth factors, such that an increase in relative intensity 
of 20% was observed as early as 1 hour after withdrawal 
of SCF from the culture. The c-kit-specific fluorescence 
intensity (40 ± 5) for cells maintained in the presence of 
SCF alone for 6 hours was similar to that for cells incubated 
with both SCF and 11^3 (39.1 ± 4.4), indicating that SCF 
is the predominant modulator of c-kit expression. This is 
further supported by the finding that the increases in c-kit- 
specific fluorescence intensities were similar whether the 
cells were maintained in the presence of IL-3 alone or in the 
absence of both SCF and IL-3. The upregulation of c-kit 
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Fig 3. Flow-cytometric analysts of expression of c-kit protein on 
the surface of the human long-term mast cell culture CB 38 growing 
in the presence of SCF + IL-3 (---} or starved of growth factors for 6 
hours (— |. An antibody unrelated to c-kit was used as negative con- 
trol and included for comparison (. . . .). The results shown are repre- 
sentative of three independent experiments. The mast cells ex- 
pressed c-kit on the cell surface with a unimodal distribution peaking 
at 39.1 ± 4.4 arbitrary fluorescence units. Growth factor starvation 
for 6 hours doubled the MFI expressed by the cells (mean ± SD of 
the fluorescence peak, 79,8 ± 13.6, P < .01). 



Table 3. Cytochemlcal Markers of Cultures Derived 
From CD34* Cord Blood Cells 



CD34' 
Cord 
Blood 



Mast Cell 
Cultures 





Calls 


No. 38 


No. 41 


Specificity 


Alkaline phosphatase 


+ + 






Neutrophils 


Tartaric ocid-sensltive 




+ 




Most leukocytes 


acid phosphatase 










Tartaric acid-resistant 




+ 


+ 


Some lymphocytes, 


acid phosphatase 








monocytes, epithelial 
cells 


Naphthol ASO 


++ 




+ 


Granulocytes, monocytes 


chloroacetate 








(weak) 


esterase 










ar-Naphtyl acetate 








Monocytes-macrophages 


esterase 










Toluidine blue 


ND 


NO 


+ 


Mast cells 



Abbreviation: ND, not determined. 



receptor level in these human mast cells upon deprivation 
of SCF is in agreement with reports that kit ligand downregu- 
tates the cell surface expression of c-kit protein on murine 
bone marrow-derived mast cells by accelerating receptor 
internalization and receptor ubiquidnation/degradatioh. 34,35 
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Fig 4. Northern analysis of the expression of c-kit (A), myeloper- 
oxidase (B), and 0-globin (C) in the light-density fraction of cord blood 
cells (lane 11 or In CD34* cord blood cells growing in liquid culture 
for 45 days (lane 2) or more than 5 months (lane 3) in the presence 
of SCF + IL-3. Day 15 cells (lane 4) were obtained from colonies 
growing in semisolid cultures of cord blood cells In the presence of 
SCF, IL-3, GM-CSF, G-CSF, and Epo; mixed-cell colonies predomi- 
nated in these cultures. Because of the low number («10 e cells) of 
purified CD34* cord blood cells that could be obtained and cultured 
(«2.5 x 10* cells/flask), It was not possible to determine the expres- 
sion of these genes at the outset of culture. mRNAs of the appropriate 
sizes were detected for c-kit myeloperoxidase, and /3-gtobin (al- 
though barely detectable after overnight exposure) In light-density 
cord blood cells and in CD34+ cells cultured for 15 days in semisolid 
medium. Expression of 0-globin and myeloperoxidase was undetect- 
able after day 45 or after 5 months of culture, respectively, whereas 
c-kit was expressed at high levels throughout the culture period in- 
vestigated. Equivalent levels of expression of G3PD were detectable 
in all the samples (not shown). Exposure times were 16 hours for c- 
kit and /3-globln and 4 hours for myeloperoxidase. 
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Fig 6. Electron-microscopic analysis of a cell generated In culture 
after 4 months. A representative cell is shown (original magnification 
x 10,000). The cell surface is smooth with a varied number of short 
microvilli. The golgl area (G) is well developed and the mitochondria 
are very few in number. Numerous secretory granules have a thin 
membrane with heterogeneous contents and some membranous 
structures. N indicates the nucleus. 



Two c-kit RNA species were detected in the long-term 
cultures of cord blood cells (Fig 4 A). Yarden et al* reported 
that a single c-kit transcript of 5 kb was detected in Northern 
blots with human placental po!y(A) + RNA. It is unclear 
whether the lower- molecular- weight RNA observed here is 
c-kit niRNA or if it represents an alternatively spliced c- 
kit RNA. However, both of these RNA species increased 
proportionately over time in the cultures with SCF and IL- 
3. 

Karyotypic analysis. Culture 37 was diploid, with the 
karyotype 46,XY. High-resolution G-banding of 20 cells 
showed the absence of gross deletions and rearrangements. 

Analysis for the presence of EBV in cells. Southern anal- 
ysis of the cell lines showed no evidence for EBV infection. 

DISCUSSION 

Previously, we 22,23 and others v have reported on the long- 
term suspension culture of CD34 + cord blood mononuclear 
cells. We showed the potential for such suspension cultures 
to generate large numbers of CFCs from pre-CFCs as well 
as differentiated cells of a variety of lineages, including mac- 
rophages, mast cells, neutrophils, and, in the presence of 
Epo, erythroblasts. 

SCF and other growth factors, such as Epo or G-CSF, 
gave rise to short-term (up to 15 days) cultures containing 
large numbers of erythroblasts or neutrophils, respectively, 
whereas long-term (up to 1 month) maintenance of these 
cultures under serum-deprived conditions requires the pres- 



ence of SCF and IL-3. We have now extended these studies 
to show that with refeeding of serum-deprived cultures and 
the addition of fresh growth factors, including SCF and IL- 
3, the culture can be maintained indefinitely. However, the 
morphology of the cells generated in culture changes over 
time. Whereas cells expressing 0-globin and myeloperoxi- 
dase prevail at early time points (day 15), cells expressing 
myeloperoxidase prevail from day 15 to the end of the third 
month. At this point, the cell population generated in culture 
became homogeneous in morphology and myeloperoxidase 
negative, expressed high levels of c-kit, and had the ultra- 
structural morphology consistent with that of immature mast 
cells. In our study, continuously growing cultures have been 
maintained for up to 8 months in the presence of SCF and 
IL-3 and in the absence of a source of serum. Interestingly, 
the colony-forming ability of the cells was lost by the 50th 
day of culture, but differentiated cells continued to accumu- 
late. The cells could be frozen and thawed repeatedly without 
change in morphology or growth characteristics. Because 
progenitor ceils were not detectable by this time and the 
culture could be propagated with as few as 10 4 cells/mL, 
these mast cells have the potential to self-replicate and, there- 
fore, behave as cell lines. However, we did not formally 
prove these are cell lines because we have been unable to 
clone them. They would not grow in semisolid culture or in 
liquid culture under limiting dilution conditions. It is possible 
that normal human mast cells might retain a limited self- 
replication potential if stimulated with the appropriate 
growth factor combinations. 

The long-terra mast cell cultures were established with a 
high degree of efficiency from CD34 f cord blood cells (5 
of 5 cultures). Similar mast cell cultures were also estab- 
lished from CD34 + cells purified from fetal blood or from 
purified murine adult stem cells (results not shown). 

Previous studies showed that the in vitro growth of human 
mast cells required a murine stromal cell line for support. 17 
Recently, Mitsui et al 18 showed that the growth factor pro- 
duced by the murine stroma and primarily responsible for 
mast cell development is SCF. In fact, mononuclear cord 
blood cells growing in FBS with the addition of SCF would 
give rise by day 15 to differentiated cells which were shown 
functionally to be immature mast cells. 18 The mast cells 
proliferated for up to 2 months, after which bromodeoxyuri- 
dine incorporation was no longer detectable. Because the 
mast cells grown under these conditions remained immature 
in appearance and had a low proliferative index after several 
weeks in culture, it was speculated that SCF is primarily a 
maintenance factor. 18 In murine mast cells, IL-3 and SCF 
upregulate the expression of two different genes involved in 
the prevention of apoptosis: IL-3 upregulates the expression 
of bcl-2 and SCF upregulates the expression of p53. 38 These 
results would suggest that SCF and IL-3 are required at two 
different steps of the transduction pathway, which prevents 
apoptosis in murine mast cells. 

In contrast with the work of Mitsui et al f we did not 
detect mast cells before 2 months of culture, and culture 
maintenance required both SCF and IL-3. One explanation 
of this difference could be that mast cell differentiation was 
triggered by two different progenitor cell populations in the 
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two studies. Light-density cells were used by Mitsui et al, 
and these cells contained progenitors that had the ability to 
rapidly differentiate and mature into mast cells. Our studies, 
which were performed with CD34 + cells, may have been 
relatively enriched for primitive progenitor cells that re- 
quired additional time in culture to express the mast cell 
phenotype. 

We have now established long-term maintenance (>8 
months) of human mast cells in serum-deprived cultures that 
was dependent on the presence of both SCF and IL-3. If 
either of these growth factors was removed from culture, 
the cultures could not be maintained. But even under these 
conditions, a high proportion of nonviable cells was found 
at each refeeding of the cultures, leading to a long (5- to 
12-day) doubling time for the cultures and suggesting that 
additional growth factors are necessary for maintaining the 
viability of the cells or for permitting maturation in vitro. 
An IL-3-like factor and a factor capable of maintaining a 
higher proportion of mast cells might be produced by acces- 
sory cells or provided by the FBS in the culture system used 
by Mitsui et al. Two possible candidates for an autocrine 
mast cell growth factor are nerve growth factor (NGF) and 
IL-4. In fact, murine mast cells functionally express NGF 
and IL-4 receptors. 39 " 42 Furthermore, rat mast cells produce 
NGF in an autocrine fashion (R. Montalcini, personal com- 
munication) and human mast cells produce IL-4. 43 We are 
currently planning to evaluate the possibility of an autocrine 
loop involving IL-4 or NGF in the growth of human mast 
cells. 

The results of our study have several implications. First, 
the fact mat cord blood stem cells gave rise with high effi- 
ciency to mast cells that are not able to form colonies in 
semisolid medium suggests that immortalization, but not full 
transformation of these cells, had occurred in vitro. Further- 
more, these cells are clearly growth factor dependent and, 
in fact, require multiple growth factors for maintenance. 
However, the fact that we were able to establish these long- 
term mast cell cultures with high efliciency raises a caution- 
ary note about the potential long-term clinical use of SCF 
or strategies to expand stem cells in vitro using combinations 
of growth factors including SCF. 

Second, the fact that many of the cells die under serum- 
deprived conditions, even in the presence of SCF and IL-3, 
suggests that other factors are. necessary for the maturation 
and maintenance of viability of human mast cells. Thus, 
these cells may provide a tool to identify such growth factors. 

Finally, it will be of interest to determine what the evolu- 
tion of these human long-term cultures is after more time 
and whether changes in growth factor dependence (or the 
ability to grow in the absence of growth factors) is seen, 
suggesting further progression along the transformation 
pathway. To date, we have not seen such changes, but be- 
cause these cells have an apparent normal karyotype and are 
not infected with the EBV, they could be a useful model for 
study of human tumorigenesis. 

To our knowledge, these are the first human long-term 
mast cell cultures established and they should provide a 
useful tool for studies of mast cell differentiation as well as 
the biology of cord blood stem cells and progenitor cells 
that appear to be so easily maintained under these conditions. 
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Skin melanocytes are derived from neural crest cells that migrate into the dermis during embryogenesis. Two mouse 
mutants. Steel and Wtiite dominant-spotting, which have defects in melanocyte production, have recently been shown to 
have deletions in the genes that code for a new growth factor, steel factor (SLF), and its receptor, respectively. Here, we 
have investigated the role that SLF plays in melanogenesis using cultures of mouse neural crest and found that its 
primary action is the maintenance of melanocyte precursors. It has no effect on the final stage of melanocyte differen- 
tiation, the production of melanin, which appears to require an additional factor whose action is mimicked by the 
phorbol ester TP A (12-0- tetrad ecanoyl-phorbol-13-acetate). © 1992 Academic Press, Inc. 



INTRODUCTION 

A diverse array of cell types in the vertebrate are 
derived from the embryonic neural crest, including the 
peripheral nervous system, the adrenal medulla, the fa- 
cial mesenchyme, and the melanocytes of the skin (Le 
Douarin, 1986; Weston, 1986). Melanocytes are appar- 
ently determined early in development (Mintz, 1967) 
and their precursors migrate laterally to the skin where 
they continue to proliferate and ultimately differentiate 
into pigmented melanocytes (Rawles, 1944; Weston, 
1963). 

The processes that control the proliferation, migra- 
tion, and differentiation of melanocyte precursors are 
not clearly understood; however, two classes of mouse 
mutants have made it clear that an essential part of this 
process is mediated by a receptor-ligand interaction. 
Mice homozygous at either the White domiyiantspotting 
(W) or Steel (SI) gene locus are black-eyed white, ane- 
mic, and sterile, and sometimes die during embryogene- 
sis (reviewed in Silvers, 1979; Russel, 1979; Geissler et 
al, 1981). An analysis of these mutations has revealed a 
complementary molecular relationship between the two 
alleles: the W allele codes for a growth factor receptor- 
like tyrosine kinase, identical to the proto-oncogene c- 
kit, and the SI locus encodes the ligand for c-kit also 
called steel factor (SLF), mast cell growth factor, and 
stem cell factor, reflecting its various biological activi- 
ties (see Witte, 1990). 

Although these in mvo studies establish the impor- 
tance of SLF in melanogenesis, its pf ecise role in this 



process remains unclear. In this paper we show that 
SLF in combination with the phorbol ester TPA (12-0- 
tetradecanoyl-phorbol-13-acetate) stimulates the pro- 
duction of melanocytes in cultures of mouse neural 
crest. SLF appears to act primarily to maintain melano- 
cyte precursor levels and does not promote the differen- 
tiation of the precursor into mature melanocytes, which 
is dependent on another factor presumably acting 
through the protein kinase C pathway. 

MATERIALS AND METHODS 

Neural west cultures. Neural tubes were prepared 
from the thoracic and lumbar segments of Embryonic 
Day 9 (E9) CBA mice as described previously (Murphy et 
aL, 1991). One neural tube was placed in each well of a 
24- well plate (Falcon) precoated with fibronectin (50 
/ig/ml) and cultured in Monomed medium (Common- 
wealth Serum Laboratories, Melbourne, Aus) contain- 
ing 10% fetal bovine serum and growth factors as speci- 
fied, in a humidified incubator at 37°C and 5% C0 2 
in air. 

Factors. TPA was obtained from Sigma (St. Louis, 
MO) and SLF (recombinant murine mast cell growth 
factor) from Immunex. Both factors were usually added 
only once to the cultures at the indicated times, except 
where otherwise indicated. 

Histochemistry. Cultures were fixed with 10% forma- 
lin 2 weeks after plating and the total number of mela- 
nin-containing melanocytes was determined for each 
culture under bright-field microscopy. Subsequently, 
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after careful washing with phosphate-buffered saline 
(PBS), some of the cultures were treated with 0.1% 2-0- 
(3,4)-dihydroxyphenylalanine (DOPA, BDH, Poole, En- 
gland) in PBS for 2 hr at room temperature to reveal 
latent melanocytes (Ito and Takeuchi, 1984). The reac- 
tion was then stopped by washing the cultures three 
times with PBS. The cultures were then recounted to 
ascertain the total melanocyte number. Some cultures 
were subsequently stained with 0.1% cresyl violet in 
water to reveal neurons. 

RESULTS AND DISCUSSION 

Although large numbers of cells migrated and devel- 
oped in neural crest cultures after 2 weeks when grown 
in medium containing 10% serum, none of the cultures 
contained pigmented cells. This was in spite of the fact 
that the same cultures gave rise to neurons and 
Schwann cells during the observation period. Thus, this 
culture system can support the growth of neural crest 
cells and, to a certain extent, their differentiation into 
some neural crest derivatives, but with no endogenous 
potential for melanogenic differentiation. Others find 
some melanocyte differentiation in mouse neural crest 
cultures in the presence of embryo extract (Ito and Ta- 
keuchi, 1984; Morrison-Graham et at, 1990), which we 
have not used in our cultures. 

We first tested whether SLF could stimulate the pro- 
duction of melanocytes in these cultures by adding it at 
the time of plating at a concentration of 100 ng/ml, a 
concentration found to provide maximum stimulation of 
the mast cell line, MC-6 (Williams et aL, 1990). However, 
SLF did not induce melanocyte production, with or 
without DOPA enhancement, and had no observable ef- 
fect on the growth or appearance of the cultures (data 
not shown and Fig. 2). Thus, SLF alone was not suffi- 
cient to stimulate melanocyte differentiation. 

Previously, the phorbol ester TP A was shown to stim- 
ulate human melanocyte growth (Eisenger and Marko, 
1982; Halaban et aL, 1983) and also to stimulate melano- 
cyte production in cultures of avian dorsal root ganglia 
(Ciment et aL, 1986). Therefore, we investigated the ef- 
fects of TPA on the development of melanocytes in 
mouse neural crest cultures. The addition of TPA (10- 
100 nm) to neural crest cultures at Day 1 gave rise to 
both pigmented and DOPA-positive melanocytes that 
began to appear after 7-8 days of culture. These melano- 
cytes were not evenly distributed through the cultures 
but were found in discrete areas and always associated 
with a sheet of neuroepithelial cells that grew out from 
the neural tube (Figs, la, c, and e show clusters of mela- 
nocytes). They were never found beyond the perimeter 
of the epithelial sheet or at its edge. There was also 
considerable variability in the total ritimber of melano- 



cytes that arose in each culture (Fig. 2A and see below). 
This association of melanocytes with neuroepithelial 
sheet and variability in number has been observed in 
previous studies of melanocyte differentiation in the 
mouse (Ito and Takeuchi, 1984; Morrison-Graham et aL, 
1990). In cultures where little or no epithelial sheet had 
grown out from the explants there were few if any mela- 
nocytes. The importance of neuroepithelium was con- 
firmed by the finding that cultures in which the neural 
tube was removed after 24 hr (leaving only migrated 
neural crest cells) failed to produce melanocytes, even 
under conditions that gave maximum melanocyte num- 
bers as described below (data not shown). 

Since conditions permitting melanocyte differentia- 
tion in neural crest cultures had been established, the 
effect of SLF was reexamined. SLF and TPA were added 
simultaneously to the neural crest cultures at Day 1 of 
culture and after approximately 1 week melanocytes ap- 
peared in the cultures and continued to increase in num- 
ber over the following week. However, the distribution 
of melanocytes in these cultures was quite different 
from that seen in cultures treated with TPA alone. In 
the SLF + TPA cultures melanocytes were present in 
association with the neuroepithelial sheet, but in addi- 
tion they extended out into the area where the neural 
crest cells had migrated beyond the epithelium and were 
particularly dense at the interface between the epithe- 
lial sheet and the neural crest cells (Figs, lb, d, and f ). In 
cultures treated only with TPA, melanocytes were found 
only in association with the neuroepithelial sheet, as 
previously discussed (Figs, la, c, and e). Whether this 
different distribution of melanocytes is due to an in- 
crease in a subpopulation of melanocytes arising in the 
SLF + TPA cultures or to other reasons, such as an 
increase in the migration of the melanocytes away from 
the neural tube, is currently being investigated. 

The total number of melanocytes in the SLF + TPA- 
treated cultures also appeared to be greater than in the 
cultures treated with TPA alone. In order to assess this 
difference, the total number of melanocytes were 
counted in each neural crest culture. In these cultures, 
melanocytes were counted only where a clear cell body 
with at least one dendritic process could be observed by 
microscopy. In some of the cultures treated with SLF + 
TPA, dark clumps of melanocytes arose or were densely 
intermingled (Figs, lb, d, and f) and could not be 
counted. In five different experiments (each of five or 
six replicates) the number of melanocytes was counted 
and the pooled data showed an overall 9.2-fold increase 
(P < 0.001, t test) in the number of melanocytes in SLF + 
TPA-treated cultures (mean = 313 ± 247 melanocytes, n 
= 27) compared to TPA-treated cultures (mean = 34 ± 60 
melanocytes, n = 28). This may be an underestimate of 
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Fig. 1. Melanocyte production in 2-week-old neural crest cultures treated with 10 i\M TPA (a, c, e) or TPA plus 100 ng/ml SLF (b, d, f). 
Cultures were fixed and photographed with no DOPA treatment at low, medium, and high power. The large arrows indicate particular areas of 
melanocyte distribution. As can be seen at lower magnifications in the TPA-alone cultures (a, c), the melanocyte distribution is restricted to 
regions of neuroepithelium (NEP, boundary of neuroepithelial sheet demarcated by small arrows), whereas in the TPA + SLF-treated cultures 
many melanocytes are also found either at the interface between neuroepithelial sheet and neural crest cells or beyond the epithelial boundary 
in regions composed mainly of neural crest cells (NO, b, d, f). NT, neural tube. Bars = 0.7 mm (a, b); 0.28 mm (c, d); and 0.14 mm (e, f). 



the difference in melanocyte numbers between the two 
conditions, because of the difficulty in accurately deter- 
mining the number of melanocytes contained in densely 
aggregated regions in the SLF + TPA cultures. 

Some of the cultures were treated with DOPA to re- 
veal latent melanocytes. After DOPA treatment, more 
melanocytes could be seen in all of the cultures (com- 



pare Fig. 2a to Fig. 2b). However, the ratio of melano- 
cyte number in TPA cultures to that in SLF + TPA cul- 
tures was similar in magnitude to the ratio of melano- 
cyte number in cultures before DOPA treatment to that 
after DOPA treatment (Fig. 2b), and the DOPA treat- 
ment did not reveal any other differences in the cul- 
tures. 
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Fig. 4. Photomicrographs of entire neural crest cultures treated 
with TPA alone or with SLF + TPA. Neural crest cells were cultured 
in the presence of TPA alone (a), TPA and one dose of SLF (b), or TPA 
with refeeding of SLF every 2-3 days (c) for 2 weeks, fixed, and photo- 
graphed. Individual melanocytes cannot be visualized at this magnifi- 
cation; only groups of melanocytes are visualized. Bar = 2 mm. 
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FIG. 2. Effect of SLF and TPA on the total number of melanocytes 
generated per individual neural crest culture. Cultures were treated 
asVn Fig. 1, but melanocytes were counted before (A) and after treat- 
ment with DOPA (B). Values are the means and standard deviation 
obtained from six replicates. 



We next explored the idea that the observed synergy 
between TPA and SLF in the production of melanocytes 
resulted not from an increase in the magnitude of the 
differentiation signal given to the precursor, but from 
each factor's supporting a different phase of melano- 
genesis. This was done by first adding SLF to the cul- 
tures at the time of plating and, after either 11 or 14 
days, removing the SLF by washing and then adding 
TPA. This regimen was chosen as it provided a system 
free of background melanogenesis. That is, SLF alone 
had no effect (as shown in Fig. 2), and melanocytes arose 
only rarely in SLF-free cultures in which the addition of 
TPA was delayed beyond 11 days of culture (Fig. 3), 
most likely because the melanocyte precursors had died 
by this time. Under these conditions, melanocytes ap- 
peared as early as 1 day after addition of TPA and in- 
creased in number over the week before fixation and 
scoring (Fig. 3). Cultures from which the SLF was not 
washed out after 11 days gave similar results (Fig. 3). 
These results confirmed that SLF does not have a direct 
effect on melanocyte differentiation and suggest that it 
acts primarily to maintain the melanocyte precursors in 
vitro. 
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FIG. 3. Effect of SLF on the survival of melanocyte precursors. Me- 
lanocyte numbers were determined without DOPA treatment 18 days 
after the commencement of culture and 7 days after the addition of 
TPA. Cultures either contained no SLF (-) or received SLF on Day 1 
only (SLF X 1) or every 2-3 days (SLF X 4) for the first 11 days. In 
addition, some cultures received additional SLF during the final 7 
days of TPA treatment (SLF/TPA). The numbers of melanocytes in at 
least 12 and up to 19 cultures were determined for each condition. All 
conditions in which cultures were treated with SLF had significantly 
more melanocytes than those in which cultures were treated with 
TPA alone (P < 0.0001, determined according to a Mann-Whitney 
£//Wilcoxon rank sum Wtest). It was also found that cultures treated 
with SLF for the entire 18-day period (SLF X 4, SLF/TPA) had signifi- 
cantly higher levels of melanocytes than any other condition (P < 
0.004). 



In these pulsing experiments, not as many melano- 
cytes appeared as in those experiments in which SLF 
and TPA were present from the start. Therefore, it was 
possible that SLF added to the cultures at Day 1 was not 
sufficient to sustain melanocyte precursors for the 
whole culture period. We tested this possibility by re- 
peating the above experiments but adding fresh SLF to 
the cultures every 2-3 days for the entire 18 days of 
culture and found a significant increase in melanocytes 
(Fig. 3, mean « 278), which was similar to the number 
observed when SLF and TPA were present from the 
start (Fig. 2A, mean = 313). Cultures that were fed SLF 
continuously for the first 11 days of culture then had it 
removed upon addition of TPA contained significantly 
fewer melanocytes than those fed SLF for the entire 
18-day period (Fig. 3). This further suggests that melan- 
ocyte precursors require SLF for survival before they 
have differentiated and that TPA acts as a differentia- 
tion agent and is not sufficient for precursor survival. 

These results prompted us to culture the neural crest 
cells in the presence of TPA and refeed with SLF every 
2-3 days; these conditions produced the greatest number 
of melanocytes as assessed by visual comparison be- 
tween the cultures. In these cultures the areas contain- 
ing melanocytes were clearly visible macroscopically 
compared to cultures treated with TPA alone or with 
with one dose of SLF + TPA (and see Fig/4 for a view of 



the entire neural crest cultures), but the melanocytes 
were too densely intermingled to accurately quantitate. 

As there are no specific markers for melanocyte pre- 
cursors it is difficult to assess whether SLF action is 
restricted to promoting survival or also promotes pre- 
cursor proliferation. A number of observations suggest 
that SLF action is likely to be predominantly one of 
maintenance. First, the majority of neural crest cells 
divide in SLF-free cultures [with the exception of sen- 
sory neuron precursors (Murphy et al, 1991)1 so it seems 
likely that melanocyte precursors proliferate without 
SLF. Second, since no increase in the number of melano- 
cytes occurred in cultures continuously treated with 
SLF in the absence of TPA (where the precursors were 
not differentiating) compared to those treated with SLF 
in the presence of TPA (where the precursors were dif- 
ferentiating), it appeared that no expansion of the pre- 
cursor population had occurred as would be predicted if 
SLF were a precursor mitogen. Cultures that were con- 
stantly exposed to both SLF and TPA probably gave rise 
to most melanocytes (Fig. 4), possibly because TPA acts 
not only to stimulate melanocyte differentiation but 
also to stimulate proliferation of melanocytes once they 
have differentiated, as previously shown for human me- 
lanocytes (Eisenger and Marko, 1982; Halaban et al, 
1983). 

There are alternative explanations for the action of 
SLF in these neural crest cultures. For example, SLF 
may function to stimulate pluripotent stem cell prolifer- 
ation, such that the addition of a lineage-specific differ- 
entiation factor would increase that subpopulation. 
However, there are two arguments against this possibil- 
ity. First, despite careful observation, we could only de- 
tect differences in melanocyte number and not in other 
crest cell derivatives such as neurons (detected after 
Nissl staining) and Schwann-like cells (as detected by 
characteristic morphology and after staining with an 
S-100 antibody; data not shown). Second, the only neural 
crest cell derivative known to be affected in SI and W/W 
mice is the melanocyte and if SLF did function on such 
pluripotent stem cells, the mutations in these mice 
would be expected to have much more widespread ef- 
fects. 

The notion that SLF acts as a maintenance factor for 
melanocyte precursors fits well with its known distribu- 
tion in viva High levels of SLF expression have been 
found in the dorsal regions of the somites over which the 
melanocyte precursors migrate (much lower levels are 
found in other regions of the somite through which 
other lineages of neural crest cells migrate); high levels 
are also found in areas to which melanocyte precursors 
migrate, for example, dermis of the skin and whisker 
follicles (Matsui et al, 1990). In addition, recent experi- 
ments using a monoclonal antibody to the SLF receptor, 
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c-kit, in vivo show a critical period for the action of SLF 
around E14.5 (Nishikawa et al t 1991), which is before 
melanocyte differentiation occurs, and is thus consis- 
tent with the results we find here. SLF is also expressed 
in the floor plate of the neural tube at the time of neural 
crest migration (Matsui et at, 1990). This neuroepithe- 
lial source of SLF may explain why exogenous SLF is 
not an absolute requirement in the early stages of our 
cultures where the precursors remain close to the tube. 

The in vitro results also infer that there is second 
signal that is mimicked by TPA which is produced at the 
site of melanocyte differentiation. As TPA activates the 
protein kinase C pathway, any number of growth fac- 
tors, hormones, or membrane interactions may be re- 
sponsible for this final stimulus. One possible candi- 
date, melanocyte-stimulating hormone (see Ito and 
Takeuchi, 1984), does not appear to influence melano- 
genesis in our cultures (data not shown) and so the iden- 
tity of this factor remains unknown. It is possible that 
the second factor is present in small levels in mouse and 
chick embryo extracts as discussed above (Ito and Ta- 
keuchi, 1984; Morrison-Graham et aL, 1990). 

While these experiments strongly suggest a role for 
SLF at the melanocyte precursor stage, there are pre- 
sumably a number of stages of development that the 
melanocyte precursor goes through from uncommitted 
neural crest precursor cell to the stage just before final 
melanocyte differentiation. The next task will be to de- 
fine the exact stage at which SLF functions. Experi- 
ments such as single-cell cloning or culture of Steel mu- 
tant neural crest may help to define this stage. 

We thank Kaye Wycherley for providing excellent technical assis- 
tance and the National Health and Medical Research Council of Aus- 
tralia for supporting this work. 
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Mast-cell growth factor (MGF) is encoded by the murine steel 
(Si) locus and is a ligand for the tyrosine kinase receptor protein 
encoded by the proto-oncogene c*lur at the murine dominant white 
spotting ( W) locus. Mutations at both these loci affect mast cells, 
primordial germ cells (PGCs), haemopoietic stem cells and 
melanocytes. In many SI and W mutants, the rapid proliferation 
of PGC that normally occurs between day 7 and 13.5 of embryonic 
development fails to occur. As c-kit is expressed in PGCs** 1 while 
MGF is expressed in the surrounding mesenchyme 2 * 3 , MGF might 
promote the proliferation of PGCs. Here we report that MGF is 
essential for PGC survival in culture, but does not stimulate PGC 
proliferation. Moreover, whereas both the transmembrane and 
soluble proteolytic cleavage forms of MGF stimulate mast-cell 
proliferation, soluble MGF has a relatively limited ability to 
support survival of PGCs in culture, thus explaining the sterility 
in mice carrying the steel-dickie (Sl d ) mutation, which encodes 
only a soluble form of MGF, and providing a functional role for 
a transmembrane growth factor. 

The ability of MGF to promote survival and/ or proliferation 
of PGCs was determined using a culture system in which both 
the type and amount of MGF present could be manipulated. 
Isolated pregonadal (8.5-10.5 days) PGCs survive <24h in 
culture in the absence of a confluent monolayer of feeder cells 4 . 
PGCs do survive when cultured on feeder layers of STO or 
NIH-3T3 cells 4 * 6 but not on feeder layers of CV-1 cells (Fig. 
la). The, differences in PGC survival on STO and NIH-3T3 
versus CV-1 feeder layers might be due to differential MGF 
expression by these feeder cell lines. STO and NIH-3T3 cells 
both express a 6.5-kilobase' (kb) MGF messenger RNA and 
produce MGF that promotes the proliferation; of mast cells, 
whereas CV-1 cells do neither (Fig. 16; Table 1). CV-1 ceils 
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FIG. 1 a, Survival of PGCs on STO, NIH-3T3 or CV-1 feeder layers. The number 
of PGCs present after 4 and 24 h of culture. Bars represent the mean 
plus/minus the standard deviation of five replicate cultures. Each experiment 
was done four times. Solid bar, STO; hatched bar, NIH-3T3; dotted bar, CV-1. 
6, Northern analysis of MGF expression by feeder cell lines, STO cells, NIH-3T3 
cells and CV-1 cells. RNA loading was assayed by probing for glyceraldehyde 
3-phosphate dehydrogenase (GAPDH). 

METHODS. STO cells and NIH-3T3 cells are mouse embryo-derived ftoroblast 
cell lines. CV-1 cells are ftbroblast-like cells derived from the kidney of a 
male African green monkey. Cells were grown in DMEM (Gibco) supplemented 
with 2 mM L-glutamine, 1 mM sodium pyruvate and either 10% FBS (STO 
and CV-1) or 10% calf serum (NIH-3T3 cells). Staged embryos were derived 
from timed matings of B6C3F1 animals as described 4 , and PGCs isolated 
from 8.5-day postcoitus (dpc) embryos;by dissection of a fragment consisting 
of the caudal end of the primitive streak and the base of the allantoic 
rudiment 6 . These fragments were dissociated in 0.05%* trypsin, 0.02% EDTA 
(Sigma) to yield a single-cell suspension of PGC and somatic cells. This cell 
suspension was plated onto confluent irradiated, feeder layers as previously 
described 4 . PGC were maintained in (eeder-layer culture in DMEM supple- 
mented with 15% FBS and identified by alkaline phosphatase histo- 
chemistry 4,6 . For northern analyses, confluent cell monolayers were washed 
with PBS, lysed with RNAzol (Cinna/Biotex) and total RNA. prepared by the 
method of Chomczynski and Sacchi 22 ; Poly(A) + RNA was selected using a 
Fast Track kit (InVitrogen). Poly(A) + RNA (2 ng) were run on a 1.5% agarose- 
formaldehyde gel, transferred to Nytran (Schleicher and Schuetl) and baked. 
Northern blots were probed with a 2.0-kb Sa/I fragment of an -MGF cONA 
done (MGF-10), representing the entire MGF coding sequence 15 : The probe 
was 32 P-labelled using a Miritiprime labelling .kit (Amersham) and hybridiz- 
ations were done according to Church and Gilbert 23 . To quantitate RNA 
loading, blots were stripped and reprobed with a GAPDH cONA probe 24 . 
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transfected with a construct encoding transmembrane MGF 
(CV-l-Wt) are able to stimulate mast-cell proliferation and 
support PGC survival for at least 3 days (Table 1; Fig. 2a). 
Taken together these data strongly suggest that MGF mediates 
PGC survival in culture. 

Although MGF is required for survival it is not sufficient for 
proliferation of PGCs in culture. PGCs survive and proliferate 
on feeder layers of STO cells (Fig. 2b and refs4-6). On NIH-3T3 
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cells, PGCs survive for up to 5 days, but their numbers gradually 
decline and their proliferation rate, assessed by 5-bromo-2'- 
deoxyuridine (BrdU) incorporation, is about 50% that of PGCs 
cultured on STO cells (Fig. 26; data not shown). Addition of a 
recombinant form of MGF (rMGF) lacking the transmembrane 
domain and cytoplasmic tail has no effect oh PGC proliferation 
on NIH-3T3 cells, despite its abilty to stimulate mast-cell prolife- 
ration (Fig. 2b). Similarly, Godin et at 1 conclude that added 
soluble factor does not stimulate proliferation of PGCs cultured 
on STO cells. Apparently, PGC proliferation on STO cells is 
not simply due to higher levels of soluble MGF. STO cells either 
produce higher levels of transmembrane MGF, a unique form 
of MGF or, in addition to MGF, another factor which is able 
to stimulate PGC proliferation. Addition of STO cell-condi- 
tioned medium to NIH^3T3 cells stimulated PGC proliferation 
suggesting that STO cells produce, in addition to MGF, a soluble 
PGC mitogen (data not shown). 

Many lethal SI mutants are completely deleted for MGF 
coding sequences 8 " 10 . By contrast, the viable, but sterile, Sl d 
mutant is deleted only for sequences encoding the MGF cyto- 
plasmic tail and transmembrane domain 11,12 . In Sl/Sl d mice, 
PGC form and migrate, but the few PGC that colonize the gonad 
anlagen do not survive 13 . As Sl d can produce only a soluble 
form of MGF; soluble MGF may be unable to support long-term 
survival of PGC. To test this idea, we compared PGC survival 
on CV-1 cells transfected with a construct encoding a truncated 
MGF identical to that encoded by the Sl d allele (CV-l-S/ d ) and 
CV-1 cells transfected with the transmembrane MGF (CV-l-Wt). 
As CV-1 ceils seem unable to cleave transmembrane MGF to 
the soluble form (D.E.W., unpublished observations) CV-l-Wt 
probably produce only transmembrane MGF whereas CV-l-S/* 
cells produce only soluble MGF. QXA-St* supported PGC 
survival to 70%. of CV-l-Wt after 1 day (P< 0.005) and 40% of 
CV-l-Wt after 3 days (P< 0.038; Fig. 2a), despite the fact that 



FIG. 2 Analysis of the survival and proliferation of PGCs in culture, a. The 
number of PGCs present on days 1 and 3 of culture on STO cells and CV-1 
cells transfected with constructs encoding wild-type MGF (CV-l-Wt), SI" 
MGF (CV-l-S/ tf ), or carrier ONA. This experiment was repeated four, times. 
MGF expression was assayed as previously described 14 using a mast cell 
line, MC-6, which is responsive to MGF ^see Table 1). b. The number of PGC 
present at days 1, 3, 5 and 7 of culture on STO cells. NIH-3T3 cells and 
NIH-3T3 cells to which 100 ng ml" 1 rMGF was added. This experiment was 
repeated three times, c, Trie number of PGC present after 1, 3 and 5 days 
of culture on bone marrow stromal cell lines derived from wild-type (BM-Wt) 
and S//S/ rf (BM-S/ tf ) mice, and BM-S/ d cells to which 100 ng ml" 1 rMGF was 
added. Bars represent the mean ± the standard deviation of five replicate 
cultures. This experiment was repeated four times. 
METHODS. Brains were taken from wild-type (C57BU6J) or S//S/" (DBA) 
animals. Total RNA was prepared as above using RNAzol (Clnna/Biotecx) 32 . 
Each RNA was used as a template to synthesize single-stranded cDNA with 
the Copy Kit (InVitrogen). These cDNAs were used as a template in a 
polymerase chain reaction (PCR) with the amplimers: 5'-CGGAGTCGCC- 
ACACCGCTGC-3' and 5'-GTCACTTGAGACAGAATGGG-3' (400 ng each) with 
the following conditions: 30 cycles at 94 °C for 1 rhin, 55 °C for 1 min and 
72 Q C for 2 min. Each reaction product was gel-purified, kinased, filled in 
with T4 polymerase and ligated into Bluescript (Stratagene). Each clone was 
sequenced to verify authenticity; Wt, 956 base pairs (bp) and Sl d , 782 bp. 
MGF was expressed from the SV40 early promoter vector pSG5 (Stratagene). 
An Xhol linker was placed in the pSG5 SamHI sKe. and the Xhol-BamH\ 
polylinker sites of pBlue script SK (Stratagene) transferred into the pSG5 
Xhol and BgtW sites. Xhot-BamH fragments from PCR reactions of the Wt 
and Sl a alleles were then cloned into these expanded polylinkers. CV-1 cells 
on 10-cm dishes were transfected with 20 pg expression vector by the 
calcium phosphate technique* 5 . The cells were shocked with 15%. glycerol 
18 h after the addition of precipitate. Bone marrow stromal cells were 
cultured In McCoy's 5A medium (Gibco) supplemented with 10% heat- 
inactivated FBS as previously described^* 2 . 6 . PGCs were isolated as pre- 
viously described (see above) and plated onto confluent monolayers of 
stromal cells that had been irradiated with 5,000 rads to induce quiescence. 
Cultures were maintained In OMEM plus 15% FBS (as described earlier). 
The rMGF was produced as previously described 19 and used over a concentra- 
tion range of 0.001-1 p.g ml" 1 . 
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C TABLE 1 Proliferation of the MGF-dependent mast cell line MC-6 on 
established cell lines and transfected CV-1 ceils 



Cell line 


3 H-thymidine incorporation (c.p.m.) 


STO 


6,728 ±2.413* 


NIH-3T3 


9,849 ±3,839t 


CV-1 


2.064 ±138 


CV-1 VVT MGF 


. 7.552 ±575t 


CV-1 S/ d MGF 


13^44 ± 1.917t . 


CV-1 + carrier 


2,365 ±492 



proliferation assays were essentially carried out as previously 
described 14 . Briefly, 20,000 feeder cells were plated into microtitre wells 
and irradiated with 5,000 rads to induce quiesence. After 24 h, 10,000 MC-6 
cells were, added to each well and after a further 24 h the cultures were 
/ pulsed for 4-5 h with 1 £tCI [ 3 H)thymidihe. Wells were collected on fibreglass 
v filters with an automated collector anld incorporated^Hjthymidine counted 
by liquid scintillation spectrometry, this experiment was repeated four times 
with six replicates per treatment. 
>: * P =s 0.05 versus CV-1 cells or CV-1 + carrier; 

t 0.001 versus CV-l cells or CV-1 +carrier. 

: the total MGF produced by CV-l-S/ d (assayed by mast cell 
proliferation) was higher than that of CV-UWt (Table 1). We 
also compared PGC survival oh Sl/Sl d (BM-Sl d ) and congenic 

: wild-type (BM-Wt) bone marrow-derived stromal cell lines. 
BM-5/ d supported PGC survival to 40% of BM-Wt after 1 day, 
but did not support subsequent PGC survival (Fig. 2c), When 
recombinant MGF (rMGF) was added to PGCs cultured on 
EM-Sl d , PGC survival of over one day improved to 70% of 
BM-Wt, but subsequent PGC survival was unaffected (Fig. 2c). 
When rMGF was added to PGCs cultured on NIH-3T3 or STO 
cells, PGC survival was not enhanced (Fig. 2b and data not 
shown). Presumably, in the culture conditions used in this study, 
the amount of MGF produced by NIH-3T3 and STO cells is 
sufficiently high to support maximal PGC survival in the absence 
of added rMGF (see Fig. lb and Table 1). Soluble MGF, such 
as that produced by Sl/St d cells, is able to support only limited 
PGC survival and is unable to support long-term survival seen 
when PGC are Cultured on wild-type cells producing both trans- 
membrane and soluble MGF. In a similar study, Godin et aL 1 
report that soluble factor is able to enhance initial survival 
(>48 h) but does not promote long-term survival of PGC cul- 
tured in the absence of STO .cells. 

• The reduced ability of soluble MGF to support long-term 
survival may reflect a requirement for a localized, high con- 
centration of MGF, for a particular conformation of MGF, for 
a role of MGF in promoting cell adhesion, or for an extended 
. jigand-receptor interaction precluded by internalizable, soluble 
J MGF. That transmembrane MGF is more effective in supporting 
PGC survival could provide (1) a mechanism/both for the 
haptotactic guidance of PGCs to the gonad anlagen as well as 
for strict regulation of PGC proliferation and differentiation in 
the embryo and (2) a possible explanation for the sterility found 
in SI/ SI mice. The viability, but sterility arid lack of pigment, 
of Sl/Sl d mice suggests that the haemopoietic lineages can be 
maintained to some extent by soluble factor, whereas PGCs and 
melanoblasts cannot. The activity of soluble factor on mast cells 
and primitive haemopoietic progenitors in vitro 1 *' 16 and on mast 
cells in vivo 9 is consistent with this idea. 
Y Binding of tyrosine kinase receptors; such as c-/cif, by their 
cognate ligands usually leads to activation of the kinase domain 
and transduction of signals that lead to cejlular proliferation' 7 " 19 . 
The MGF/c-/ri7 complex mediates a proliferation respohse in 
itnast cells 14,15,20 arid, in combination with other factors, prolifer- 
ation of primitive haemopoietic progenitors lu5,16,2 ° ,2 V The data 
; presented here and by Godin et al. 1 provide the first evidence 
of growth factor action on mouse PGCs and suggest a role for 
;MGF in mediating a PGC survivaj signal rather than a prolifer- 
ation signal. □ 
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The: glp-1 and lin-12 genes encode homologous transmembrane 
proteins 1 * 2 that may act as receptors for cell interactions during 
development 3 * 4 * The glp-1 product is required for induction of 
germ-line proliferation and for embryogenesis 3 * 5 . By contrast, 
lin-12 mediates somatic cell interactions, including those between 
the precursor cells that form the vulval hypbdermis (VPCs) 6 . Here 
we analyse an unusual allele of glp-1, glp-i(q35), which displays 
a semidominant multivulva phenotype (Muv), as well as the typical 
recessive, loss-of-f unction Glp phenoty pes (sterility and embryonic 
lethality) 3 . We find that the effects of glp-t(q3S) on VPC develop- 
ment mimic those of dominant lin-12 mutations, even in the absence 
of lin-12 activity. The glp-l(q35) gene bears a nonsense mutation 
predicted to eliminate the 122 C- terminal amino acids, including 
a ProGluSerThr (PEST) sequence thought to destabilize proteins. 
We suggest that the carboxy terminus bears a negative regulatory 
domain which normally inactivates glp- 1 in the VPCs. We propose 
that inappropriate glp-l(q35) activity can Substitute for lin-12 tb 
determine vulval fate, perhaps by driving the VPCs to proliferate. 

During wild-type development/three VPCs (P5.p, P6.p f P7.p) 
generate 22 descendants that form the vulval hyriodermis (Figs 
1 and 2a). Several genes are known that, when mutant, interfere 
with this process (reviewed in ref. 7). One of these is' lin-12: 
anitnais with elevated lin-12 activity (tin- 12(d)) are Muv because 
all six VPCs adopt the VH2 fate 6 . The glp-1 and lin-12 genes 
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Kit Ligand in Synergy With Interleukin-3 Amplifies the Erythropoietin- 
Independent, Globin-Synthesizing Progeny of Normal Human Burst-Forming 
Units-Erythroid in Suspension Cultures: Physiologic Implications 

By Thalia Papayannopoulou, Martha Brice, and C. Anthony Blau 



Although the proliferative effects of hematopoietic cyto- 
kines on erythroid progenitors are well known, parameters 
that influence the initiation of expression of specialized or 
lineage-restricted genes are not clear. We have studied the 
acquisition of erythroid-differentiative features from en- 
riched populations of human early erythroid progenitors 
(burst-forming unit-erythroid [BFUe]) in suspension culture 
and the influence of several cytokines on this process. In 
suspension cultures containing no erythropoietin (Epo), we 
have found that kit ligand (KL) in synergy with interleukin- 
3 not only increases the proliferation of cells and of pro- 
genitors but also consistently amplifies a population of cells 
that contain globin within 1 week. Our experiments suggest 
that neither extraneously provided nor endogenously pro- 
duced Epo is critical for the generation of globin- synthesiz- 
ing cells. Globin-producing cells generated mostly from late 
BFUe or pre-CFUe with a CD34'/EP-1 + phenotype in this 

HEMATOPOIETIC progenitors require a range of he- 
matopoietic cytokines for their optimal development 
and terminal differentiation. 1 * 3 Interleukin-3 (IL-3), kit ligand 
(KL; or Steel factor, SCF, or MGF), and granulocyte-mac- 
rophage colony-stimulating factor (GM-CSF) exert, especially 
in synergy, a profound proliferative influence on all hema- 
topoietic progenitors, whereas several late acting cytokines 
(such as granulocyte-CSF [G-CSF] and erythropoietin [Epo]) 
are crucial for the maturation of specialized progeny from 
these progenitors. As pure recombinant factors are now 
available and highly enriched populations of hematopoietic 
progenitors can be obtained for testing, their growth require- 
ments have been further refined. 4 * 15 Most of the information 
has been deduced using clonal assay systems for progenitors 
and has relied on the recognition of terminally differentiated 
progeny. Recently, in addition to these systems, suspension 
cultures have been used for the characterization of ery- 
throid 16 * 19 or granulocytic progenitors. 19 '" These systems are 
easier to manipulate and have confirmed to a large extent 
the growth requirements of progenitors and the factors needed 
for their amplification. However, because the results so far 
have been evaluated in end-stage progeny of these progenitors 
and because the culture systems used may contain undefined 
as well as defined factors, the implementation of the early 
transition from the progenitor stage to the stage of lineage- 
specific gene expression has not yet been delineated. 

As far as the erythroid system is concerned, Epo is con- 
sidered the major trigger of coordinate expression of many 
or all of the erythroid-specific genes. 24,25 Nevertheless, both 
with human and murine cells, culture systems have been 
devised that appear to bypass the need for Epo throughout 
the entire maturation sequence of erythroid cells. 26 " 30 How- 
ever, even in these systems, the factors responsible for the 
initiation of transcription of erythroid-specific genes versus 
the factors required for completion of the maturation process 
have not been defined. Furthermore, because of the phar- 



system do not all express a well-coordinated erythroid pro- 
gram accompanied by heme or glycophorih A expression 
and most die maintaining an immature state. Therefore, 
conditions that are responsible for initiation of globin 
expression in these cells are not sufficient to carry them to 
terminal maturation. The data point to an expanded target 
cell population for KL as they suggest an influence of KL 
on survival and/or amplification of late erythroid cells pre- 
viously thought to be influenced only by Epo. Our results in 
aggregate are of relevance to the physiology of normal 
erythropolesis and the role of Epo and KL in the initial stages 
of lineage-restricted gene expression. In addition, they pro- 
vide insight into the understanding of anemia in W and Steel 
mutants in which expansion of the late erythroid progenitor 
pool, normally dependent on the synergistic action of KL 
and Epo, is curtailed. 

© 1993 by The American Society of Hematology. 

macologic concentrations of some of the factors used, it has 
been uncertain whether the in vitro data represent pathways 
operative in vivo. 

To gain further insight into the sequence of events that 
are important during the early phases of erythroid progenitor 
(burst-forming unit-erythroid [BFUe]) differentiation and 
especially to identify factors that are needed to initiate the 
expression of specialized genes (ie, globin), we studied en- 
riched populations of BFUe in a liquid suspension culture 
system, under conditions thought to promote or not to pro- 
mote the generation of eiythroid-difFerentiated progeny. In 
these studies, we focused our attention on changes within 
the first few days in liquid culture in an attempt to discover 
the initial decisions taken by the cells and the factors that 
may influence these decisions. We found that KL in synergy 
with IU3 not only amplifies erythroid (and other) progenitors 
but it can influence the survival and/or the amplification of 
their descendants to the stage of globin-producing cells. 
However, these cells are unable to complete their maturation 
process and die prematurely in the absence of Epo. The data 
expand previous information pertaining to the physiology of 
normal erythropoiesis and to the role of KL in the early stages 
of expression of a specialized erythroid program. 
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MATERIALS AND METHODS 

Cells 

Mononuclear cells recovered after ccntrifugation of platelet apher- 
esis collections were used as a source of cells for the majority of the 
experiments (provided by Dr Thomas Price, Puget Sound Blood Bank, 
Seattle, WA). These cell preparations consisted primarily of small 
lymphocytes with a proportion of monocytes and a very small and 
variable contamination with granulocytes and red blood cells (RBCs). 
When RBC contamination was significant, the cells were treated for 
2 minutes at 37°C with a hemolytic buffer (0.83% NH 4 C1, 0.1% 
NaHCOj, 3.7 mg % EDTA) and washed with phosphate-buffered 
saline/bovine serum albumin (PBS/BSA; Dulbecco's Phosphate-Buf- 
fered Saline without calcium or magnesium; GIBCO, Grand Island, 
NY; with 1% BSA, Cohn Fraction V; Sigma, St Louis, MO, cat. no. 
A-4503). Cells were then resuspended in Iscove's modified Dulbecco's 
medium (IMDM; GIBCO) with 5% fetal calf serum (FCS; Gemini 
Byproducts, Calabasas, CA) and incubated for I hour at 37°C on 
Falcon tissue culture plates to remove the majority of adherent cells. 
Nonadherent cells were washed off the plates and transferred for 
direct immunoadherence to anti-CD34 (12.8) or SR-l antibody- 
coated plates, as described below. In two experiments, instead of 
mononuclear cells from apheresis, peripheral blood was drawn from 
normal volunteers. In three experiments, bone marrow aspirates from 
normal volunteers were used. All procedures were in accordance with 
institutionally approved protocols and with informed consent Pe- 
ripheral blood and aspirated bone marrow were subjected to density- 
gradient (1.077) centrifugation on a cushion of Hypaque-Ficoll 
(Lymphoprep, Nygaard, Oslo). Mononuclear cells collected from the 
interface were washed and incubated for the 37 °C adherence incu- 
bation step as described above. 

Growth Factors 

Human recombinant growth factors were used at previously de- 
termined optimal concentrations in both suspension and clonal cell 
cultures. IL-3 (Genetics Institute. Cambridge, MA) was used at 50 
U/mL; KL (SCF; Amgen, Thousand Oaks, CA) at 50 ng/mL; Epo 
(Genetics Institute) at 2 lU/mL; GM-CSF (Genetics Institute) at 45 
ng/mL; and PIXY 321 (a GM-CSF/IL-3 fusion protein; Immunex, 
Seattle, WA) at 10 ^g/mL. 

Antibodies 

The following monoclonal antibodies (MoAbs) were used: anti- 
CD34, either HPCA-1 (Becton Dickinson, San Jose, CA) or 12.8 
purified protein (provided by I.D. Bernstein, Seattle, WA) or biotin- 
ylated 12.8 (provided by R. Berenson, CellPro, Bothell, WA); anti- 
crkit receptor antibody SR-l 31 (provided by V.C. Broudy, Seattle, 
WA); the antierythroid progenitor/erythroblast antibody EP-1 (de- 
veloped in our laboratory 32 ); antiglycophorin (R-10; supplied by P.E. 
Edwards, London, UK); anti-IL-3 (a gift of K. Kaushansky, Seattle, 
WA); anti-Epo, polyclonal (Terry Fox Laboratories, Vancouver, BC, 
Canada); and the antiglobin antibodies (anti-0 and anti-7) and their 
fluorescent conjugates (all produced in our laboratory). As secondary 
antibodies, goat antimouse IgG (H + L), F(ab) 2 -fluorescein isothio- 
cyanate (FITQ (Hyclone, Logan, UT), or sireptavidin-phycoerythrin 
(PE) (Biomeda, Foster City, CA) were used. 

Surface Immunofluorescence 

Live cells (about 5 X 10 4 or more) in PBS/BSA were incubated 
with primary antibodies (anti-CD34, SR-l, EP-I, and R-10) at 4°C 
for 20 minutes at a concentration of 1:100 or 1:200 for ascites or 5 
to 25 Mg/mL of purified antibody. Secondary antibody dilutions used 
varied from 1:20 to 1:50 depending on the lot. Treated cells were 
evaluated either with a Zeiss epi fluorescence microscope (at 250X 
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magnification) or by cytofluorometric analysis on an Ortho Cyto- 
fluorograf model 50HH/2 1 50 (Ortho Diagnostic Systems, Westwood, 
MA) or FACStar Plus (Becton Dickinson). 

In addition, in one experiment, CD34 Ad cells were doubly labeled 
with anti-CD34 (12.8 biotinylated antibody followed by streptavidin- 
PE) and EP-1 antibody directly conjugated to F1TC. These cells were 
analyzed and sorted with the FACStar Plus. Subsets that were either 
doubly positive (CD347EP-H or doubly negative (CD34"/EP-l") 
for both antigens, or positive for only one of the two antigens (CD347 
EP- 1 * or CD34"/EP-I + ) were separated and used for further studies. 

Antiglobin Labeling t 

The presence of 0- or 7-globin was assessed by immunofluorescence 
on cytocentrifuge-prepared smears. These were fixed with methanol 
and treated with antiglobin MoAbs, as described previously." Briefly, 
antibody at optimal concentrations in solution in PBS/BSA was placed 
in a standing drop on fixed, rinsed, and dried cytocentrifuge smears 
and incubated for 30 minutes at 37°C in a moist chamber. Between 
antibody steps and after antibody labeling, slides were rinsed se- 
quentially in PBS and water, air-dried, and observed in a Zeiss epi- 
fluorescence microscope. Double labeling using directly conjugated 
anti-0 or anti-7 antibodies conjugated with FITC or rhodamine was 
also performed, as described above. In addition to fixed cell smears, 
cells from suspension cultures and controls were fixed with methanol 
in suspension, labeled with optimal dilutions of anti-0 or anti-y 
MoAbs, and subjected to cytofluorographic analysis. 

Globin Messenger RNA (mRNA) Analysis 

Globin RNA analysis was performed by a slot-Wot hybridization 
assay developed in our, laboratory. 54 Briefly, cells from suspension 
culture (0.2 to I x I0 3 ) were washed twice in PBS and resuspended 
in cold TE buffer (10 mmol/L Tris, 0.1 mmol/L EDTA) to which 
20 U of RNase inhibitor was added (RNAsin; Promega, Madison, 
Wl). After lysing the cells with 5% NP-40, the lysates were centrifuged 
and transferred to. tubes containing SSC (0.15 mol/L NaCl, 0.015 
mol/L trisodium citrate) and formaldehyde <6X SSC and 8% form- 
aldehyde), denatured at 65°C for 1 5 minutes, and used for slot blotting 
immediately or stored at -70°C for later analysis. 

For detection of 0-globin mRNA, the 0.7-kb Pst\/EcoK\ fragment 
containing the 3' end of the human genomic 0-globin was subcloned 
in the antisense orientation in T7 plasmid. For 7-globin mRNA, the 
0.6-kb EcoR\fHtod\\\ fragment of the 3' end of Gr-globin gene was 
subcloned in a Sp6 vector. Hybridization conditions were as 
described* 4 and the relative amounts of y- and 0-globin mRNAs 
were calculated after phosphoimager analysis. 

Benzidine Test 

To assess heme content in cells, we used a sensitive (wet) benzidine 
assay as previously described 35 or the method commonly used for 
fixed cell smears or fixed plasma clots. 36 



Immunoadherence of cells to Petri dishes precoated with MoAbs 
has been previously described by ourselves and others. 37,5 * In the 
studies described here, Petri dishes were precoated with MoAb, either 
purified anti-CD34 (12.8) at 25 Mg/mL or anti-c-/c/f (SR-l) ascites 
at 1:200 dilution, in 0,05 mol/L Tris buffer, pH 9.5, at room tem- 
perature for 45 minutes. Untreated cells in PBS/BSA were incubated 
directly on the panning plates for I hour at 4 C C. After washing the 
nonadherent cells from the plates with cold PBS/BSA, adherent cells 
were incubated for 20 to 30 minutes at 37°C to loosen specifically 
adhering cells. Adherent cells were then recovered by flushing the 
plates with warm IMDM/FCS. "CD34 Ad" or "SR- 1 Ad" cells were 
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incubated overnight at 37 °C followed by, if enough cells were avail- 
able, a second round of direct (anti-CD34 or SR-1) panning to further 
increase the specificity of adherence. Nonadherent cells from this 
second step, as well as adherent cells, were recovered and used for 
clonal or suspension cultures as described below. 

Cell Cultures 

Liquid suspension cultures. After one or two rounds of direct 
panning, enriched progenitor populations were incubated at 37°C 
in stationary suspension culture in conical 1 5 mL polystyrene cen- 
trifuge tubes placed at a 25° angle. From 1 to 2 X 10* ceils/mL in 1 
or 2 mL aliquots were cultured for 6 to 14 days. Eighty percent to 
90% of the medium and additives were replaced every 48 hours. 
When aliquots of cells were removed for sampling, this was performed 
after mixing and replacing the medium, and cell determinations were 
based on per unit volume at each test day. The basic suspension 
medium was either serum-containing or serum-free. Serum-contain- 
ing culture medium included 20% FCS and 10% human AB serum 
from normal volunteers (both heat-inactiyated), 1% BSA (Cohn 
Fraction V; Calbiochem, San Diego, CA), 10~ 4 mol/L 2-mercapto- 
ethanol (Eastman Kodak, Rochester, NY), and IMDM. Serum-free 
medium was composed of 90% Ex-cell 300 defined culture medium 
(JRH Bioscience, Lenexa, KS) supplemented with 1% BSA, iron- 
saturated human transferrin (early experiments were performed, 
without additional supplementation with transferrin, relying only on 
the smalt amount of transferrin present in the Ex-cell 300), a mixture 
of nucleosides (each at a final concentration of 10 /ig/mL), I0" 4 mol/ 
L 2-inercaptoethanol, and L-glutamine. Growth factors or antibodies 
were added to these media in microliter amounts per milliliter. 

Clonal cultures. Peripheral blood or bone marrow cells prepared 
as described above were cultured after each stage in the purification 
sequence (ie, before and after panning). 38 Methylcellulose culture 
media contained the same components as the serum-supplemented 
suspension cultures with the addition of 1% methylcellulose (Fischer 
Scientific, Pittsburgh, PA). Plasma clot culture medium contained 
the same concentrations of FCS, AB serum, BSA, and 2-mercapto- 
ethanol as the methylcellulose medium, but with the addition of 
bovine citratcd plasma (Irvine Scientific, Irvine, CA) and beef embryo 
extract (G1BCO), each added at 10%, instead of methylcellulose. To 
these media the cytokines IL-3, KL, GM-CSF, and Epo, and the 
antibodies anti-Epo, anti-IL-3, and anti-c-A7f (SR- 1 ) were added alone 
or in various combinations. Colonies of different types were identified 
by morphologic criteria: colony-forming unit-erythroid (CFUe) in 
plasma clot cultures at days 5 to 7; BFUe, colony-forming unit-gran- 
ulocyte and/or macrophage (CFU-GM), and CFU-Mix (one or more 
lineages in addition to crythroid) in live methylcellulose cultures at 
days 1 1 to 14. In the live cultures, BFUe colonies were large hemo- 
globinized, often multisegmented, and often macroscopic; CFU-GM 
were compact or loose colorless colonies; CFU-Mix colonies were 
large, sometimes multi-unit aggregates with both hemoglobinized and 
nonhemoglobinized portions. CFUe colonics were evaluated in flat- 
tened whole mounts of individual plasma clots fixed with glutaral- 
dehyde and stained with benzidine and hematoxylin; they were de- 
fined as mature hemoglobinized, small compact clusters of 8 to 60 
cells. 

RESULTS 

Enrichment of Circulating Hematopoietic Progenitors by a 
Positive Immunoadherence Step 

The adherent cells recovered after (he first positive im- 
munoadherence of peripheral mononuclear cells on anti- 
CD34- or SR-1 -coated plates represented approximately 
1 .2% to 2% of the initial cell population; adherent cells re- 



covered after a second direct panning with the same anti- 
bodies were from 0.03 to 0.2% of the original cells. The cells 
from three normal bone marrow mononuclear cells were 
panned once and were on the average 2% of the initial cells. 

Cells selected by panning with either anti-CD34 or SR- 1 
appeared as small lymphocytes with a variable proportion of 
larger blast-like cells or monocytes. Positivity of "CD34 Ad" 
cells labeled with an anti-CD34 MoAb recognizing a different 
epitope (HPCA) from the one used for panning (12.8) was 
found to be from 40% to 70%. Positivity of "SR-1 Ad" cells 
was tested the day after panning with the SR-1 antibody, 
because an antibody to a different epitope was not available. 
The percent positive cells averaged 30% in three experiments 
when the total population was analyzed, but was greater than 
80% when only the larger blast-like cells were gated. 38 

To assess the frequency of clonogenic progenitors in the 
"CD34 Ad" or "SR-1 Ad" cells, we cultured them in clonal 
methylcellulose cultures under optimal conditions in the 
presence of IL-3, KL, GM-CSF 1 , and Epo. The frequency of 
BFUe in these panned cells is shown in Table 1. In nine 
experiments using U SR-1 Ad" cells, the cloning efficiency of 
BFUe was from 2% to 27%, with a mean of 9.5% ± 3.4% 
SEM, whereas frequencies before panning were from 0.02% 
to 0.44%. The frequency of BFUe in "CD34 Ad" cells in 16 
experiments was from 5% to 24.6%, with a mean of 1 1.3% 
± 1.5% SEM. (Frequencies in CD34 nonadherent or SR-1 
nonadherent cells were much lower than in unseparated cells.) 
Large differences in enrichment among experiments may 
represent both biologic differences and possible differences 
in cell binding depending on whether ascites or purified an- 
tibody was used. Whenever two rounds of panning were used, 
enrichment improved, at the expense, however, of total pro- 
genitor yield (data not shown). Nevertheless, we were sur- 
prised to find that the progenitor purification and yield using 
only two rounds of direct panning without preliminary en- 



Table 1 . Frequency of BFUe in Cells Selected by 
Immunoadherence With Antt-c-Mr or Anti-CD34 Antibodies 

BFUe Percent 

Anti-CD34 Anli-c-A/f 

"Penned" "Panned" 

97 5^5 ~ 

5.t 3.1 

15.7 24.8 

6.3 1.5 

13.9 15.0 ' 

1.7 4.7 

18.2 27.0 

10.7 1.1 

4.7 3.9 

7.1 

9.7 
20.2 
24.6 

9.3 

5.1 

8.6 

9.5 ±3.4 SEM 11.3 ±1.5 SEM 
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richment of progenitors was comparable to those reported 
in previous studies using preliminary negative enrichment 
steps or FACS sorting. 51 u ° 9 The bursts from day 0 enriched 
cells were large, and a high proportion (about a third of the 
total) were macroscopic, containing over 10,000 cells. No 
CFUe-like colonies were seen in cultures from either periph- 
eral blood or bone marrow "CD34 Ad" or "SR-1 Ad" cells. 
No hemoglobinized colonies were usually observed in the 
absence of Epo in these cultures. Recovery of original BFUe 
in the adherent cell samples (calculated as numbers of BFUe 
in the "panned" population divided by the number of BFUe 
in the original population) showed a wide variation (range, 
2% to 70%), but was usually above 15%. 

Cell Proliferation and BFUe Amplification in Short-Term 
Liquid Cultures: The Effect of Cytokines 

Cell proliferation was assessed by cell counts in all sus- 
pension culture experiments on days 6 and 7 and up to 2 
weeks in certain experiments. In the absence of growth factors, 
no cell growth was noted compared with the input number 
of cells (data not shown). However, in the presence of IL-3 
and KL, there was a significant increase in cell number over 
a 6-day period, of up to 18-fold among the 19 experiments 
performed. In the presence of a single cytokine, ie, IL-3 or 
KL or Epo, there was less growth (up to 4-fold) during the 
same 6- to 7-day period. 

The number of progenitors present after 1 I week in sus- 
pension culture was assessed by secondary plating in clonal 
methylcellulose culture. The frequency of BFUe (after 6 days 
in suspension) ranged from 1% to 53% (Table 2). Highest 
frequencies again were observed after suspension culture in 
IL-3 and KL compared with either of these cytokines alone. 



BFUe amplification at day 6 over the number at day 0 was 
from threefold to 40-fold, with a mean of 1 1-fold ± 2.7-fold 
SEM and occurred in all cultures containing combinations 
of cytokines (Fig 1). Such increments in cell proliferation 
and progenitor amplification are in keeping with prior studies 
of enriched progenitors from bone marrow or peripheral 
blood from our own and other laboratories. 5 "'' 4 ' 38 

Morphologic Changes and Generation of Globin(-\-) Cells in 
Suspension Cultures of Enriched Progenitors 

Cultures containing cytokines but excluding Epo. In ad- 
dition to testing cell proliferation and progenitor amplification 
by cell counting and clonal assays for progenitors, cytospin 
preparations were prepared routinely after 1 week in suspen- 
sion culture and in selected experiments on days 2, 4, 6, 10, 
and 12. Preparations from cultures without cytokines showed 
many unhealthy cells and minimal differentiation. However, 
cultures containing cytokines, especially those containing IL- 
3 and KL, showed healthy populations of immature blasts 
ranging from 20% to more than 50%, depending on the ex- 
periment (Fig 2). The small lymphoid cells seen at day 1 have 
greatly diminished or virtually disappeared by day 6. In ad- 
dition to blast-like cells, immature cells with basophil-like 
granules were present (Fig 2) in Wright's-Giemsa-stained 
preparations. The same populations were also tested for ben- 
zidine positivity (by the wet benzidine method) and for the 
presence of £- or 7-globin using monoclonal anti-fl and anti- 
y antibodies, as described in Materials and Methods. Wet 
benzidine staining, always negative in day 0 to 1 preparations, 
ranged from 1% to 20% at days 6 to 7 (Table 3). Benzidine 
positivity in dried smears was always much lower or totally 
negative (data not shown). Frequencies of anti-0 or anti-y 



Table 2. Effect of Ant»-c-*/f (SR-1 ) or AntWL-3 Antibody on BFUe and CFU-GM (number and percentage of total cells] and on 0-Globin 
( + ) Cells (number and percentage of total cells) Generated From 1 X 10« Input "CD34 Ad" Cells After 1 Week 



Experiment 
No. 


Additives* 


CFUeT 




BFUet 




CFU-GMt 


0-Gtobin<+) 


No. 


(%) 


No. 


<%) 


No. 


(%) 


No.* 


(%) 


MS) 


Epo 


600 


(0.8) 


2,100 


(0.3) 


75 


(0.01) 


638,250 


(85.1) 


Epo + SR-1 


560 


(0.08) 


140 


(0.02) 


0 


(0.0) 


640,500 


(91.5) 




IL-3 + KL 


4,290 


(0.8) 


29,700 


(5.4) 


825 


(0.15) 


286,000 


(52.0) 




IL-3 + KL + SR-1 


34 


(0.02) 


306 


(0.2) 


204 


(0.12) 


1,700 


(1.0) 


2(SF| 


IL-3 + KL 


15,391 


(6.3) 


51.180 


(21-0) 


810 


(0.3) 


47,450 


(19.S) 


IL-3 + KL + SR-1 


5,308 


(2.4) 


17.117 


(7.9) 


650 


(0.3) 


6,283 


(2.9) 


3(S) 


IL-3 


ND 


NO 


16.400 


(2.7) 


2.340 


(0.4) 


9.600 


(1.6) 


IL-3 + SR-1 


ND 


ND 


4,770 


(1.1) 


900 


(0.2) 


3.465 


(0.8) 


4(SF) 


IL-3 + KL 


50721 


(3.2) 


490.622 


(30.8) 


10.208 


(0.6) 


172.260 


(10.8) 


IL-3 + KL + crlL-3 


27,136 


(2.8) 


519,622 


(52.7) 


5,522 


(0.6) 


139.026 


(14.1) 


5(S) 


KL 


2,829 


(1.3) 


11,022 


(5.0) 


242 


(0.1) 


24,200 


(11.0) 


KL + <r1L-3 


5,163 


(3.2) 


15,400 


(9.7) 


118 


(0.07) 


29,760 


(18.6) 




Epo 


29.940 


(14.3) 


23,310 


(11.1) 


1,029 


(0.5) 


160.650 


(76.5) 




Epo + orlL-3 


25,297 


(6.7) 


19,418 


(5.1) 


1,596 


(0.4) 


215,460 


(56.7) 



Abbreviation: ND, not done. 

•Present in suspension medium only; replating (colony culture) conditions were the same for all samples (see Materials and Methods). 
tAssessed by replating cells from suspension cultures into plasma clot (CFUe) or methylcellulose (BFUe and CFU-GM) cultures. 
♦Calculated from the frequency of 0-globin (+) in smears and the total number of cells in liquid culture on the same day. 
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Fig 1 . Number of BFUe (■) and globin(+) cells (£3) in suspension 
cultures of immunoadherence-enriched ("CD34 Ad") peripheral 
blood cells (1 0 s input cells) after 1 week in the presence of cytokines 
(IL-3, KL GM. and PIXY 321) without Epo or in the presence of Epo 
alone or with Epo + KL (Results from three independent experi- 
ments: #1 and #2 with serum and #3 without serum.) The total 
number of BFUe was highest in the combination IL-3 + KL In the 
absence of Epo, the total number of newly generated globin(+) cells 
was also highest with the combination of IL-3 + KL. 



globin-positive cells are shown in Tables 2 through 4 and 
Figs 3 and 4. In 14 experiments, they ranged from 4% to 38% 
at day 6 to 7, and the frequency of BFUe in the same cell 
populations was from 4% to 53% (Tables 2 through 4). Thus, 
cultures containing IL-3 and KL contained a large proportion 
of erythroid cells at the BFUe level and at the globin-syn- 
thesizing cell level. Surface labeling of these populations was 
performed in selected experiments using anti-CD34, SR-1, 
EP-I, and antiglycophorin A antibodies. A significant de- 
crease (more than two-thirds) in both CD34- and SR-1 -pos- 
itive cells was observed at day 7 compared with day 0 (data 
not shown). In contrast, EP-1 positivity increased from about 
5% to 10% at day 0 to greater than 50% at day 6. Glycophorin 
A was negative at day 0 in **CD34 Ad" cells prepared from 
either peripheral blood or bone marrow, but these cells be- 
came 15% to 33% positive at day 6 to 7. Frequency of gly- 
cophorin A-positive cells was usually less (by one-third to 
one-fifth) than the frequency of globin(+) ceils. When IL-3 
or KL were each used alone, not only was there less ampli- 
fication in cell numbers and in progenitors, but also the 
number of globin(+) cells generated were greatly diminished 
(Fig 1). 

To gain further insight into the synergistic action of IL-3 
or KL when they were used in combination, we performed 



experiments in which we used anti-c-/c/7 receptor antibody 
(SR-1). The results of these experiments are shown in Table 
2. The presence of SR-l in suspension culture dramatically 
reduced not only cell proliferation and amplification of BFUe 
but also the generation of 0-globin(+) cells. In previous ex- 
periments, we showed that the addition of SR-1 to Epo- or 
IL-3-containing clonal cultures profoundly reduced the 
number of erythroid bursts, 31 38 implying that c-kit receptor 
function in the context of IL-3 or Epo is very important for 
BFUe development. This conclusion was later independently 
confirmed by other approaches. 40,41 Here we show in addition 
that kit ligand/receptor interactions are crucial for the gen- 
eration of globin(+) cells in suspension culture. The presence 
of anti-IL-3 antibody in cultures containing IL-3 and KL 
did not diminish the effectiveness of KL, although complete 
neutralization of IL-3 was not proven in these experiments. 
Furthermore, the action of KL or Epo alone in suspension 
cultures did not seem to be influenced by putative endoge- 
nously produced IL-3 (Table 2). 

Cultures containing Epo. The morphology of cells in- 
cubated in the presence of Epo was in striking contrast to 
that of cells incubated with IL-3 and KL. After I week in 
culture, a population of healthy basophilic blasts resembling 
proerythroblasts was present together with cellular debris. 
There were no cells containing granules as seen in IL-3 + 
KL cultures. The effects on cell proliferation, oh progenitor 
amplification, and on generation of gIobin(+) cells are shown 
in Tables 2 through 4 and Figs 1 , 3, and 4. The combination 
of Epo and KL was comparable to IL-3 and KL, ie, very 
effective both in terms of cell proliferation and expansion of 
BFUe (Fig 1 and data not shown). All preparations containing 
Epo generated the most g!obin(+) cells both in absolute 
numbers and in relative frequency (Figs 1 and 3, and Table 

Another major difference between Epo versus IL-3 + KL 
cultures was found in suspensions examined beyond the first 
week in culture. During the second week, the frequency of 




Fig 2. Morphologic appearance of cells ("CD34 Ad") after 1 
week in suspension culture in the presence of IL-3 + KL Note the 
presence of basophilic blasts (dark cytoplasm) and of cells containing 
granules. The latter were absent in Epo-only cultures, in which 
mainly the dark basophilic cells were present along with a high pro- 
portion of "dying" cells. 
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Table 3. Influence of Incubation Medium (serum [S] v Serum Free [SF]) on BFUe Content. Proportion of v and 0-Globin ( + ) Cells and 
Benzidine ( + 1 Cells (by the wet benzidine method) After 7 Days in Suspension Culture (of 1 X 10' "SR-1 Ad" or "C034 Ad" cells) 



dobin (+) Cells 



Experiment No. 


Medium 


Cytokine' 


BFUe 
{no.)t 


y 

No.t 


(%) 


0 

No.* 


<%> 


Bern + {%) 


1 ("SR-1 Ad") 


S 


Epo 


19.305 


42,236t 


(20.2) 


112,490t 


(53.8) 


47.6 


s 


IL-3 + KL 


36,157 


54,264 


(10.4) 


71.091 


(13.6) 


8.4 




SF5 


IL-3 + KL 


37.800 


5,760 


(0.8) 


60,480 


(8.4) 


A Q 


2 ( on* 1 AO J 


c 


epo 


1,003 


11,286 


117.1) 


27,522 


(41.7) 




SF§ 


Epo 


880 


1,188 


(3.6) 


4,488 


(13.6) 




3 ("CD34-Ad") 


S 


IL-3 + KL 


52,000 


19,000 


11.9) 


61,000 


(6.1) 




SF 


IL-3 + KL 


116,220 


6,760 


(0.5) 


, 81,900 


(6.3) 




4 ("CD34-Ad") 


S 


IL-3 + KL 


51,180 


21.413 


(8.8) 


47,450 


(19.5) 


7.7 


SF 


IL-3 + KL 


55.680 


2,707 


(2.8) 


33,930 


(35.1) 


21.0 




S 


Epo 


18,675 


47,813 


(32.6) 


87,413 


(59.6) 


63.0 




SF 


Epo 


20.457 


10,640 


(5.6) 


142,120 


(74:8) 


66.0 


5 rCD34-Ad") 


S 


Epo 


15,365 


42,840 


<30.0) 


132,378 


(92.7) 




SF 


Epo 


12,153 


13,923 


(1L>) 


109,837 


(92.3) 






S 


Epo + KL 


132.480 


53,645 


(16.1) 


108,956 


(32.7) 






SF 


Epo + KL 


84,066 


25,978 


(5.9) 


241,284 


(54.8) 





*ln suspension culture only; replating (colony culture) conditions were the same for all samples. 
tSee Table 2. 
iSee Table 2. 

SDifferent SF than in experiments 3 through 5. 



globin(+) cells declined in IL-3 + KL cultures (Fig 3) without 
any evidence of further maturation. In contrast, globin(+) 
cells in Epo-containing cultures increased to more than 90% 
(Fig 3) by day 13 to 14, accompanied by an accumulation 
of smaller, more mature, strongly benzidine(+) cells. In a 
few experiments, in addition to anti-0-globin labeling, cy- 
tospin preparations from six cultures (with or without Epo) 
were doubly labeled with an anti-y-globin antibody. Cells 
positive for 7-globin were also positive for 0-globin. and 
therefore did not represent a separate population. Overall, 
the proportion of benzidine(+) cells was lower than that of 



0-globin(+) cells; this was especially true in serum-free me- 
dium and in the absence of Epo. 

Liquid Cultures in Serum Versm Serum-Free Medium 

In five experiments we compared the results of combina- 
tions of cytokines and Epo in the presence or absence of 
serum. Under serum-free conditions, cell proliferation and 
BFUe amplification were comparable to serum-containing 
cultures and there were no significant differences in the gen- 
eration of 0-globin(+) cells (Table 3). However, replicate 



Table 4. Effect of Anti-Epo Antibody on BFUe or CFU-GM Content and Generation of 0-Globin ( + ) Cells From 1 0 6 "CD34 Ad" Cells 

Cultured in Serum (S) or Serum-Free (SF) Liquid Medium for 1 Week . 



CFUet 



BFUet 



CFU-GMt 



0-G)obin (+) 



Experiment 
No. 


Adtftives* 


No. 


1%) 


No. 


(%) 


No. 


(%> 


No.t 


(%) 


1 (S) 


Epo 


3,960 


(2.7) 


18,627 


(12.7) 


245 


(0.2) 


87.413 


(59.6) 


Epo + anti-Epo 


420 


(0.6) 


6,563 


(8.9) 


140 


(0.2) 


3,220 


(4.6) 


2(S) 


None 


119 


(0.04) 


2,467 


(0.9) 


967 


(0.3) 


<162 


(0) 


Epo 


1,681 


(0.5) 


8,014 


(2.2) 


954 


(0.3) 


65.520 


(18.2) 




Epo + anti-Epo 


0 


(0) 


2.597 


(0.7) 


1.253 


(0-4) 


<350 


(<0.1) 




IL-3 + KL 


3,824 


(1.0) 


11,444 


(2.8) 


3,340 


(0.8) 


10.800 


(2.7) 




IL-3 + KL + anti-Epo 


1,306 


(0.3) 


4,675 


(1.1) 


1,949 


(0.5) 


13.440 


(3.2) 


3(SF) 


IL-3 + KL 


ND 


ND 


58,451 


(11.3) 


21,245 


(4.1) 


164,782 


(31.8) 


IL-3 + KL + anti-Epo 


ND 


ND 


43.789 


(10.4) 


20,632 


(4.9) 


83,368 


(19.8) 


4(SF) 


IL-3 + KL 


50,721 


(3.2) 


490,622 


(30.8) 


9,570 


(0.6) 


172,260 


(10.8) 


IL-3 + KL + anti-Epo 


43,778 


(3.0) 


579,176 


(39.2) 


11,832 


(0.8) 


158,253 


(10.7) 



Abbreviation: ND, not done. 
•See Table 2. 
tSee Table 2. 
tSee Table 2. 
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Experiments With AnihEpo 

The above results with serum-free cultures suggested that 
Epo is not critical for the generation of globin(+) cells in IL- 
3 + KJL-containing cultures (Table 3). To further pursue 
whether any endogenous Epo. was present in the system, we 
performed three experiments in which anti-Epo neutralizing 
polyclonal antibodies were included in the serum-free culture 
medium in the presence and in the absence of Epo. In clonal 
culture controls, these antibodies were found to neutralize 
the Epo effect, as no mature bursts were observed in meth- 



6/7 8 10 12/13 14 

Day 




B 



EPO 




IL-3 + KL 



Fig 3. (A) Proportion of 0-globin (+) cells over time in suspension 
cultures containing either IL-3 + KL (•) or Epo only (O). Whereas 0- 
globin(+) cells increase and mature with time in culture containing 
Epo, 0-globin(+) cells in IL-3 + KL reach their peak at 6 to 7 days 
and die retaining their immature state. Each point represents the 
mean (±SEM) of 4 to 1 4 experiments. (B) 0-globin mRNA over time 
in suspension cultures in one representative experiment (same 
number of cells were used for all samples). Note the decline in 0 
RNA between day 6 and day 1 3 in the absence of Epo, whereas 
the opposite is observed (ie, increase in 0-gtobin mRNA) in Epo- 
containing samples. 



preparations stained with anti-7-globin showed a consistent 
and significant decrease in the proportion of 7-globin cells 
in serum-free conditions compared with serum-containing 
ones, with all combinations of cytokines tested (TL-3, KL, or 
Epo). Thus, the effect of serum-free conditions on 7-globin 
synthesis noted in previous clonal cultures 34 * 42 ' 43 appears to 
be confirmed here and to be dominant regardless of the com- 
bination of cytokines used. For example, no consistent trend 
in proportion of 7-globin was found when cultures containing 
KL (at 50 ug/mL) were compared with cultures containing 
only Epo. The differences in 7-globin (between serum-con- 
taining and serum-free cultures) seen with fluorescent-labeled 
antiglobin antibodies were confirmed at the mRNA level in 
slot-blot hybridization assays (Fig 5). In cultures without 
serum, 7-globin mRNA was either very low or barely de- 
tectable compared with /S-globin mRNA. 




8 26 46 66 



9 186 128 148 168 188 286 
GR FL 



Fig 4. Antiglobin labeling of cell populations enriched in progen- 
itors ("CD34 Ad") after 1 week in suspension culture in the presence 
of IL-3 + KL (top, fixed and stained smear) or Epo only (FACS anal- 
ysis, middle and bottom). In IL-3 + KL (top), about 30% of cells were 
positive with 0-globin, whereas in Epo (middle) the great majority 
(>95%) were 0-globin(+). A smaller proportion of cells (14%) had 7- 
globin (bottom). 



306 



PAPAYANN0P0UL0U, BRICE, AND BLAU 




Fig 5. 0- and 7-globin mRNA in "CD34 Ad" cells before (day 0) 
and after (day 6) culture in suspension. Note the difference in 7- 
globin mRNA in serum (-) compared with serum (+) conditions. 



ylcelluiose cultures in the simultaneous presence ofEpo and 
anti-Epo (data not shown). Anti-Epo was added to suspension 
cultures on day 1 (at concentrations sufficient to overcome 
three times the level of Epo used), and fresh medium con- 
taining anti-Epo was added every 2 days for 1 week. The 
amplification in BFUe and CFU-GM and the generation of 
globin(+) cells was assessed in the presence of anti-Epo (in 
suspension cultures) with several cytokine combinations. 
When anti-Epo was added to suspension cultures containing 
Epo only, there was a drastic reduction in the expansion of 
BFUe (assessed by replating cells in Epo-containing clonal 
cultures) and in the generation of 0-globin(+) cells, to levels 
observed without any growth factor (Table 4). When anti- 
Epo was added to cultures containing IL-3 and KL, there 
were no significant effects in serum-free cultures, although 
some effect was noted in serum-containing cultures (Table 
4). In the presence of serum, in addition to a decrease in 
BFUe, a reduction in the amplification of CFU-GM was 



found; this could be explained at least in part as a nonspecific 
effect of the antibody (a rabbit polyclonal antiserum) on pro- 
genitor clonal development. 

Experiments With Anti-CD34 and EP-1 Doubly 
Labeled Cells 

Previous experiments 32 have shown that EP-1 antibody 
reacts preferentially with erythroid (BFUe) rather than non- 
erythroid progenitors. To study the nature of the immediate 
precursors of the globin(+) progeny in our suspension cultures 
and/or to enrich' for these precursor cells, we doubly labeled 
the CD34 Ad cells with anti-CD34 and EP-1 the day after 
panning. The proportion of each subset (+/+, — /+, +/-, -/ 
— ) in the total population was recorded; aliquots of each 
subset were immediately plated in clonogenic progenitor as- 
says and in suspension culture in the presence of IL-3 and 
KL. After 6 days in suspension, cell numbers, frequency of 
clonogenic progenitors, and frequency of globin(+) cells were 
determined. As shown in Table 5, although the CD34"/EP- 
1 + subset represented only 15% of the total population, it 
had the highest frequency of BFUe at day 0. This subset not 
only maintained the highest frequency of BFUe and CFUe 
in suspension culture, but, most impressively, led to the 
highest total number (and highest frequency) of globin(+) 
cells in suspension culture, suggesting that CD34"/EP-1 + cells 
are the immediate progenitors of most globin(+) cells in un- 
sorted populations. The doubly positive subset (CD34 + /EP- 
1 + ) gave rise to less BFUe than the previous subset, but these 
were larger in size and appeared to have expanded more dur- 
ing the 6-day period in suspension culture than those from 
the CD34"/EP-1 + cells. These data are consistent with the 
notion that CD34 + /EP-1 + are more primitive erythroid pro- 
genitors than CD347EP- 1 + . The subset that was least positive 
or negative for EP-1 but still positive for CD34 (CD34 + /EP- 
1 ") appeared to have the highest proportion of CFU-GM 
(9%); these were greatly expanded by day 6 to constitute 15% 
of the whole population, in contrast to all other subsets that 



Table 5. CD34 Ad Cells Labeled With Anti-CD34 and EP-1 Antibodies and Separated by FACS Into Doubly Positive (CD34 + /EP-1 + ). 
Singly Positive (CD34"/EP-1 + ; CD34+/EP-1 and Doubly Negative (CD34* /EP-1 ") Subsets 



Globin (+) Cells 

BFUe CFUe y . 0 





Day 0 


Day 6 


Day 0 


Day 6 


Day 0 


Day 6 


Day 0 


Day 6 


CD347EP-1* 


3.538 


47.850 


ND 


18,750 


0 


24.000 


0 


42,000 


(24%) 


(8.8%) 


(3.2%) 




(1.3%) 




(1.6%) 




(2.8%) 


CD347EP-V 


10.360 


63,996 


ND 


23.196 


0 


81,600 


0 


182,400 


(15%| 


(24.6%) 


(5.3%) 




(1.9%) 




(6.8%) 




(15.2%) 


CD34VEP-1" 


3,620 


26.660 


ND 


2.340 


0 


1.400 


0 


4,000 


(42%) 


(7.5%) 


(1.3%) 




(0.1%) 




(0.07%) 




(0.2%) 


CD347EP-1" 


1.340 


4.056 


ND 


ND 


0 


65 


0 


520 


(19%) 


(3.0%) 


(3.1%) 








<<0.05%) 




(<0.4%) 



Concentration and amplification of erythroid progenitors (BFUe, CFUe) is shown in the different subsets before and after 6 days in suspension 
culture (cultures were initiated at day 0 with 4 to 5 X 1 0 4 cells in the presence of IL-3 + KL). The number and proportion of globin (+) cells (y, P) is 
also shown. The CD34"/EP-1 * subset yielded the highest number of globin (+) cells. Numbers in parentheses indicate proportion of each subset in 
the total population. 

Abbreviation: ND, not done. 
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had less than 1%. BFUe present in this subset were nearly all 
(96%) of large size. Collectively, these data provide new in- 
formation about the phenotypic heterogeneity of BFUe and 
suggest a developmental hierarchy, from CD34'/EP-r to 
CD34VEP-1* to CD347EP-1\ 

DISCUSSION 

In the studies presented here, we have focused our attention 
on the detection and evaluation by sensitive approaches of 
newly acquired erythroid differentiation features when en- 
riched populations of erythroid progenitors are placed in sus- 
pension culture under the influence of various hematopoietic 
cytokines. Specifically, the effects of early cytokines, such as 
KL or IL-3, were studied and the data were compared with 
control cultures containing Epo. The major findings from 
our studies are: (1) the consistent generation from normal 
BFUe of a significant number of Epo-independent globin- 
synthesizing cells during 1 week in suspension culture; (2) 
KL in synergy with IL-3 is instrumental in the accumulation 
of these globin-containing cells, suggesting that it can influ- 
ence cells previously thought to be exclusively influenced by 
Epo; (3) globin appears to be an earlier rather than a later 
marker of erythroid differentiation and conditions that initiate 
its synthesis in cultures without Epo are not sufficient alone 
to carry the cells through their terminal maturation. 

Several lines of evidence in our work suggest that neither 
extraneously provided nor endogenously produced Epo is 
critical for the formation of the globin synthesizing BFUe 
progeny. Results of experiments performed in serum-free, 
chemically defined media or in the presence of neutralizing 
anti-Epo antibodies argue against the need for the presence 
of Epo in our system (Tables 3 and 4). However, the above 
data do not exclude the possibility of an autocrine regulation 
by a certain class of erythroid progenitors (CFU-Mix), as sug- 
gested by a recent report. 44 Preliminary experiments using 
our culture system with the enriched CD34 Ad population 
rather than the unpurified bone marrow cells used in the 
previous report have failed to detect, by reverse transcription- 
polymerase chain reaction (RT-PCR) or RNase protection 
assays, any Epo mRNA either at day 0 or after suspension 
culture for 1 week with IL-3 and KL. Furthermore, using the 
same antisense strategy used in the previously published 
work 44 with our culture system (with two sense and two an- 
tisense oligonucleotides, freshly renewed every 48 hours in 
serum-free cultures), we failed to uncover differences between 
sense- and antisense-containing cultures (data not shown). 

Our results, ie, the regeneration of Epo-independent globin- 
synthesizing cells in suspension, are at variance with several 
previous reports using suspension cultures supplemented with 
hematopoietic cytokines, in which no detectable erythroid 
differentiation was seen in the absence of added Epo. 16-19,22,23 
Their conclusions were based on the absence of benzidine 
positivity or absence of glycophorin A positivity. However, 
these results may not necessarily be contradictory to our own 
but instead may be attributable to differences in the sensitivity 
of the approaches used (ie, globin positivity versus benzidine 
or glycophorin A positivity) and to the fact that we have used 
enriched progenitor populations. 

Although our demonstration of globin(H-) cells in suspen- 



sion cultures lacking Epo is novel, in clonal cultures the de- 
velopment of erythroid characteristics under conditions of 
Epo deprivation has been documented by several laboratories. 
For example, this result is observed routinely with cells from 
patients with myeloproliferative syndromes 4 * 4 * and to a lesser 
extent in situations with expanded erythropoiesis. 49 " 51 Fur- 
thermore, under special conditions, hemoglobinized colonies 
can develop from normal progenitors if specific additives, 
such as IGF-I, IGF-II, hemin, or retinoids (usually in phar- 
macologic doses) are used instead of Epo. 30 There are major 
differences between this previous clonal culture system using 
normal individuals 30 and our own suspension system. First, 
no special components were used in our cultures, ie, no IGF, 
hemin, or retinyl-acetate. In fact, our serum-free conditions 
were so minimal that the same medium used in methylcel- 
lulose clonal cultures was inadequate for clonal growth of 
the same progenitors. Second, in contrast to this previous 
report, 30 accessory cells were not needed in our suspension 
culture system.' Furthermore, whereas our system does not 
support the full maturation of erythroid cells in the absence 
of Epo, we are able to identify them early without the need 
for color (heme) formation. Despite the above differences, 
however, a common denominator between our suspension 
system and previous clonal cultures (with either normal 
murine 26 " 29 or normal human 311 progenitors) was the presence 
of cytokines, either in purified form or in the form of con- 
ditioned media. It would appear that the presence of cytokines 
(IL-3 and KL) in the absence of Epo is important for the 
early stages of erythroid-specific gene expression (ie, globin 
synthesis) and for formation of the cells we arc detecting, 
whereas other factors (such as Epo, insulin, activin, hemin, 
or IGF-I and II) are needed for enhancing their further mat- 
uration. 

In addition to their cytokine requirements, questions per- 
taining to the identity, the state of differentiation, and the 
fate of these g1obin(+) cells in suspension culture were ad- 
dressed in our studies. By morphologic criteria, these glo- 
bing) cells, with immature nucleus and deep basophilic cy- 
toplasm with perinuclear clear zone, resemble cells at the 
CFUe/proerythroblast level.' 4 However, we do not think that 
these cells are descendants of CFUe; instead, we believe that 
they are likely generated directly from late BFUe or pre-CFUe 
with a CD347EP-T phenotype. Several pieces of evidence 
favor this view: during the 6 days in non-Epo suspension 
cultures, CFUe, originally absent at day 0, never become 
more prevalent than either BFUe or globin(+) cells (Tables 
2 and 4); this holds true under conditions that either increase 
(Fig I ) or curtail (Table 2) BFUe output; double-labeling ex- 
periments with EP-1 and CD34 point to a subset of CD347 
EP-I + cells that give rise to many late BFUe colonies at day 
0 and generate more globin(+) cells by day 6 than any other 
subset (Table 5); again in this subset, both BFUe (mostly 
late) and globin(+) cells were higher than CFUe up to 6 days 
in suspension culture (Table 5). Whatever their stage of dif- 
ferentiation might be (pre-CFUe or CFUe-like), the day 6 
globin(+) cells do not appear to mature when cultures are 
prolonged; they die retaining their immature state. This may 
be the main reason why this population, although generated 
regularly in small numbers (as small colonies) in standard 
clonal cultures, especially those with IL-3 or KL but no Epo 
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(Th. Papayannopoulou, unpublished data), is not usually 
recognized. Their presence is probably evanescent, and they 
die if Epo is not continuously present. Thus, although their 
generation in vitro (in the presence of IL-3 or KL) is Epo- 
independent, their further amplification and maturation un- 
der ordinary culture conditions is absolutely dependent on 
Epo. Whether erythroid cells at their earliest stages of differ- 
entiation express a different Epo receptor isoform, thus con- 
tributing to their apoptotic death, as it has been recently sug- 
gested, 52 remains to be seen. 

Is the generation of globin(+) cells under our culture con- 
ditions only an in vitro phenomenon, or does it have any 
relevance to in vivo differentiation? Although our culture 
conditions contain rather high levels of powerful cytokines, 
we believe that this population is generated in vivo as well. 
Such cells usually escape detection as their numbers are very 
low and their only recognizable characteristic may be the 
presence of globin. The fact that rare globin(+) blast-like cells 
were seen in some of our preparations of circulating purified 
progenitors at day 0 favors the notion that this population 
does exist in vivo. 

Recently, evidence was presented that KL increases the . 
proportion of HbF in clonal cultures of human progenitors, 
both in serum-containing and serum-deprived cultures. 53 Our 
present observations in suspension cultures failed to show 
consistent differences in HbF proportion (either in 7-positive 
cells or in 7-mRNA compared with 0-mRNA) in cultures 
with or without KL. On the other hand, a dominant negative 
effect on HbF of our serum-free medium was demonstrated 
in all combinations tested despite the immaturity of the tested 
population. Whether higher doses of KL than the ones used 
here would increase HbF in synergy with serum factors, as 
claimed, 53 requires further testing. 

The mechanism(s) by which KL in synergy with IL-3 leads 
to accumulation of globin(+) cells is of extreme interest and 
requires further study. It is unclear from our data whether 
KL influences only the survival and/or proliferation of spon- 
taneously generated globin(+) cells or, in addition, enhances 
their direct generation from BFUe. It is possible that, under 
the synergistic influence of KL, pivotal erythroid specific 
transcriptional factors, such as GATA-1, 54 are upregulated 
in BFUe progeny in the absence of Epo ligand/receptor in- 
duced interactions. 55 Indeed, in preliminary experiments we 
have observed such a GATA-1 upregulation (unpublished 
data) in IL-3 + KL-containing cultures. Upregulation of 
GATA-1 in non-Epo-containing cultures (also observed by 
Sposi et al 56 ) may explain the early appearance of globin(+) 
cells in these cultures. However, it does not seem to be suf- 
ficient for continuing maturation and expression of a well- 
coordinated erythroid program. In this context, it is of interest 
that the phenotype of our globin(+) cells is reminiscent of 
the phenotype of many human 33 and murine (ME-26) 57 
erythroleukemia cells and cell lines, which express significant 
levels of GATA-1 and globin, but relatively little or no heme 
and for the most part fail to mature. However, one difference 
between these leukemic cells and the normal cells studied 
here is that Epo can induce maturation in the normal cells, 
but it cannot do so in most leukemic cell lines. 

Wc believe that our results provide new information of 



relevance to the understanding of early events in erythro- 
poiesis, as they expand the target cell repertoire for KL to 
include cells (eg, at the CFUe level) thought to be influenced 
by Epo only. Any KL or anti-c-&/7 effect on survival and/or 
amplification of these cells would be masked when Epo is 
present at full doses (Table 2). This would also reconcile the 
previously reported absence of KL effect on CFUe, as it was 
tested in Epo-containing cultures. 38 In addition to their direct 
bearing on the physiology of erythropoiesis, our observations 
may provide an insight into the predominant effect of KL 
on in vivo erythropoiesis in W- and Steel mutant mice. As 
implied by our in vitro data, and in concert with a previous 
publication, 58 KL in synergy with Epo may be critical for the 
amplification in vivo of later stages in erythropoiesis, beyond 
BFUe. Tins may explain the inability of W and Steel mutants, 
with low kit ligand/receptor function but normal Epo levels, 
to meet their anemic demands, met in normal mice by an 
expanded later progenitor/precursor pool of erythroid cells. 
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INTRODUCTION 

All of the mature blood cell types of the mouse are derived from a single, 
pluripotent, hemopoietic stem cell [reviewed in 1]. These stem cells represent only a 
very Vmall fraction (-0.1%) of the cells of the hemopoietic organs (yolk sac, fetal 
liver, bone marrow, and spleen). However, each stem cell has the PO^ttal to i jjve 
rise to thousands of mature blood cells by a process of proliferation and differentia- 
tion. Owing to the relatively short. life-span of blood cells, this process must occur 
continuously in order to maintain mature blood cell levels. A group ^circulating 
hemopoietic growth factors are involved in regulating these events. They include 
erythropoientin (erythrocytic lineage) and the colony-stimulating factors (granulocytic 
and mononuclear phagocytic lineages). , tU 

The term "colony-stimulating factor" (CSF) embraces the group of grow* 
factors that stimulate hemopoietic precursor cells to form clones containing granulo- 
cytes and/or macrophages [2,3]. At least four subclasses of CSF may ^ disc^rne^by 
their different physical properties and their preferential stimulation of neutrophd, 
eosinophil, neutrophU-macrophage, or macrophage colony forrrmtion freviewed in 4] 
Two CSFs stimulate the proliferation of mononuclear phagocytes d»rectly-CSF-l 
and CSF GM . CSF-1 [5,6] has been clearly discriminated from the othei - CSFs ; by ^ite 
detection in subclass-specific radioimmuno- and radioreceptor assays l^Jt is 
lineage-specific, stimulating the survival, proliferation and differentiation of mono- 
nuclear phagocytes and their precursors [4,9,10] The ^^.^J^ 
from L-cellionditioned medium described by Virolainen and Defend) i [11] has been 
shXn to be CSF-1 [12]. CSF 0M is a glycoprotein of M r 

the formation of colonies containing both neutrophilic granulocytes and macrophages 
and the proliferation of primitive precursor cells of the erythroid lineage [13,14]. It is 
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significantly less effective than CSF-1 in generating macrophages in bone marrow 
cultures, and its actions on mononuclear phagocytes are not mediated by the CSF-1 
receptor [8]. Studies with CSF GM [reviewed in 4,14] have been limited by an inability 
to raise antibodies against it and to radioiodinate it with retention of biological activity. 

This review summarizes our studies on the characterization and mechanism of 
action of CSF-1, and reports briefly on recent studies in which the CSF-1 receptor 
interaction has been used in the identification and assay of new hemopoietic growth 
factors. 

ASSAY, PURIFICATION, AND PROPERTIES OF CSF-1 

The bioassay for the CSFs is based on the CSF-dependent stimulation of bone 
marrow cells to form colonies of granulocytes and/or macrophages in semisolid agar 
[3] or methyl cellulose [2] culture media. Standardization and quantitation of this 
colony assay for CSF-1 have been reviewed elsewhere [4]. A limitation of the colony 
assay is that it cannot be used to specifically assay CSF-1 in preparations that contain 
the other CSF subclasses. However, measurement of the CSF-1 concentration in 
such preparations can be determined by CSF-1 -specific competitive binding assays 
that are based on the ability of CSF-1 to compete for the binding of l25 I-CSF-I to 
either anti-CSF-1 antibody or the CSF-1 receptor. Murine [7] and human [6] CSF-1 
radioimmunoassays are relatively species-specific. However, the murine radiorecep- 
tor assay [8] can be used to detect either murine or human CSF-1 . Both radioimmuno- 
and radioreceptor assays appear to detect only biologically active CSF-1 [IS]. All 
CSF-1 assays (including the colony assay) can be standardized against stable prepa- 
rations to which values in units have been ascribed [reviewed in 4]. One unit of pure 
CSF-1 contains -6 pg of protein and gives rise to 1-10 colonies per 7.5 X 10 4 bone 
marrow cells [5,15]. 

CSF-1 has been purified from the medium conditioned by serum-free cultures 
of murine L cells [5,15], human MIA Pa Ca-2 cells [16], and human urine [6]. The L 
cell CSF-1 has been shown to be pure by comigration of protein and activity during 
polyacrylamide gel electrophoresis (PAGE) in the presence and absence of sodium 
dodecyl sulphate (SDS), during isoelectric focusing [5], and during SDS-PAGE 
following enzymatic removal of >85% of the CSF-1 carbohydrate moieties [17]. In 
addition, formation of the purified protein-antibody complex and the neutralization of 
its biological activity occur at the same concentration of antibody [5]. CSF-1 repre- 
sents — 0.1% of the total protein of serum-free conditioned medium, which is the 
most appropriate starting material for its purification. Thus only small amounts of 
purified material (-200 /ig) may be obtained from large volumes (-10 liters) of 
medium. This problem has been a major limiting factor in molecular studies of CSF-1 
and its mechanism of action. 

CSF-1 from both human and murine sources is an acidic glycoprotein of M r 
-45 ,000- -76,000 [5,6,17]. A schematic representation of the CSF-1 molecule is 
shown in Figure 1. Reduction, even in the absence of dissociating agents, destroys 
the biological activity and halves the M r of all CSF-1 preparations, reflecting the 
existence of two similar subunits in the molecule. Studies with L cell CSF-1 indicate 
that these subunits are of similar charge [5]. The nature and extent of CSF-1 
glycosylation has been investigated utilizing endoglycosidase treatment. Irrespective 
of the M r of the reduced and alkylated CSF-1 (24,000-33,000), exhaustive treatment 
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Fig 1. Provision*! structure of murine or human CSF-1 (schematic). The two polypeptide chains are 
very similar; if not identical. The number of oligosaccharides per molecule is variable and depends on 
the origin of the preparation. The number of disulfide bonds is unknown. 

of reduced and alkylated CSF-1 with endo-/3-N-acetylglucbsakninidase-D, but not 
endo-S-N-acetylglucosaniinidase-H, gives rise to a molecule of M r ~ 16,500 of which 
the polypeptide chain portion accounts for -14,000. Whereas the parent molecule 
binds concanavalin A, this product does not, indicating that, as intimated from earlier 
studies [18,19], heterogeneity in the saccharide component could explain the observed 
variation in M r of CSF-1 [17]. These results also suggest that the two polypeptide 
chains in the dimeric CSF-1 molecule are very similar and possibly identical. Because 
of the specificity of endo-a-N-acetylglucosaminidase-D, it is concluded that the 
carbohydrate moieties are asparagine-linked, "complex-type" units. Examination of 
the effects of endo-a-N-acetyl-(3-galactosaminidase treatment on the M r of reduced 
and alkylated CSF-1 fails to provide evidence of the existence of 0-glycosidically 
linked oligosaccharides. Treatment of native CSF-1 with endo-^N-acetylglucosamin- 
idase-D removes carbohydrate almost as efficiently (>85%) as treatment of the 
reduced and alkylated subunits. Removal does not cause loss of antibody binding, 
receptor binding, or biological activity [17]. While the carbohydrate moiety does not 
appear to be necessary for the in vitro biological activity of CSF-1, it may be 
important for CSF-1 stability [19] and/or the relative resistance of CSF-1 to attack by 
proteolytic enzymes [20-22]. 

CELL TYPES EXHIBITING A PROLIFERATIVE RESPONSE TO CSF-1 

Stimulation of proliferation by CSF-1 is restricted to cells of the mononuclear 
phagocytic series whether they be the colony-forming cells of bone marrow or spleen, 
blood monocytes, or tissue macrophages [reviewed in 4]. The maturation sequence 
of mononuclear phagocytic cell types and their properties are summarized in Table I 
While CSF-1 stimulates the growth of both immature and relatively mature cells ot 
the mononuclear phagocytic series, the immature cells have a higher proliferative 
capacity and a shorter doubling time than the more mature cells. Mononuclear 
phagocytes do not become "immortal" (ie, form continuous cell lines) if cultured 
with CSF-1, but instead have finite capacities for proliferation and eventually give 
rise to populations of nondividing cells [23]. Mononuclear phagocytes from many 
different tissues including bone marrow, blood, peritoneal cavity, P u ^on^ alveoli, 
and liver are all capable of exhibiting a proliferative response to purified CSF-1 [24]. 
However, while the proportion of freshly explanted monoblasts, promonocytes, or 
monocytes that are capable of extensive proliferation is >90%, the proportion of 
macrophages capable of extensive proliferation varies from -1% (peritoneal macro- 
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TABLE I. Properties of Freshly Explanted Cells of the Mononuclear Phagocytic Lineage 



Property 



Cell type 


% Cells 
capable 
of 

proliferation 


Proliferative 
capacity of 
cells capable 
of proliferation 


CSF-1 
receptor 


Glass 
adherent 
cells 


CFU-C 3 
t 

Monoblast 
i 

Promonocyte 
1 




+ + + 






>90 


+ + 


+ 


+ 


>90 


+ + 


+ 


+ 


Monocyte 
X 


>90 


+ + 


+ 


+ 


Macrophage 


l-50 b 


■ + 


1 





"Undifferentiated, nonadherent, colony-forming cell. 

b Percent varies depending on source— eg, 50% of peritoneal exudate macrophages, 1% of resilient 
peritoneal macrophages. 



phages) to -50% (peritoneal exudate macrophages). As this kind of variation among 
different macrophage populations is not observed for the CSF-induced release of 
plasminogen activator [25], proliferative senescence within the mononuclear phago- 
cytic series may not necessarily be associated with a loss of the regulation of other 
functions by CSF-1. 

STIMULATION OF CELL SURVIVAL AND DIFFERENTIATION BY CSF-1 

In addition to its effects on proliferation, CSF-1 stimulates the survival and 
differentiation of mononuclear phagocytes. Bone marrow-derived macrophages, res- 
ident peritoneal macrophages, and peritoneal exudate macrophages will die if cultured 
in the presence of culture medium containing only 15% fetal calf serum [10]. Addition 
of CSF-1, at concentrations below those stimulating significant cell proliferation 
(-20 pM), will prevent cell death. The effect of CSF-1 on the differentiation of 
immature mononuclear phagocytes has been less well studied; nevertheless, it is clear 
that the nonadherent mononuclear phagocyte precursor cells (CFU-C) of bone mar- 
row rapidly differentiate into adherent, proliferating macrophages if pure CSF-1 
alone is added to serum-containing culture medium (Tushinski and Bartelmez, unpub- 
lished observations). 

CSF-1 RECEPTORS AND THE NATURE AND DISTRIBUTION OF CSF-1 
BINDING CELLS 

Detailed analysis of the binding and uptake of a growth factor is important for 
the identification of the cells with which it interacts directly and for the elucidation of 
the biochemical mechanisms underlying its effects on target cells. CSF-1 can be 
radiolabeled with 125 I to high specific radioactivity (300,000 cpm/ng) without loss of 
biological or antibody binding activity [5,15]. Initial studies of the binding and uptake 
of murine 125 I-CSF-1 have been carried out on murine peritoneal exudate macro- 
phages, 50% of which are capable of extensive proliferation in the presence of CSF-1 
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and >95% of which were shown to bind ^I-CSF-l specificaUy [26]. The binding 
(at 4°C) of l25 I-murine CSF-1 to these macrophages is of high affinity (IQ < 10 M, 
Table II) and not competed for by other known CSF subclasses, growth factors, or 
hormones [26]. A variety of approaches, including thick-section light autoradiogra- 
phy, temperature jump, and pH 4 dissociation experiments, indicate that I-CSF-1 
binds a cell surface receptor at 4°C (Guilbert et al, in preparation). 

The interaction of I2S I-CSF-1 with peritoneal exudate macrohages at 37°C is 
complex. 125 I-CSF-1 is destroyed by macrophages at 37°C by a process involving 
CSF-1 receptor-mediated internalization, significant intracellular accumulation, and 
subsequent intralysosomal degradation [17] (Guilbert et al, in preparation). The 
relationship between CSF-1 degradation and the proliferative response of cells is not 
clear at the present time. # 

Studies of the distribution, frequency, and morphology of murine binding cells 
[26,27] indicate that binding is restricted to cells of the mononuclear phagocytic 
system, and that the CSF-1 receptor is an excellent marker of mononuclear phagocytic 
cells, irrespective of their tissue of origin or state of differentiation (Table HI). 
Furthermore, the occurrence of the receptor on continuous murine cell lines is 
restricted to macrophage or myelomonocytic cell lines [26]. 



TABLE II. Parameters of Murine l2S I-CSF-l Binding to Murine Peritoneal Exudate Macrophages 
at4°C, pH7.35 — : 



Parameter 

On-rate constant (k on ) 
Off-rate constant (k ofr ) 
Dissociation constant (k off )/(k on ) 



Value 



-lO^M" 1 miiT 1 
< 10" 5 min" ,a 



All data derived from kinetic analyses. Equilibrium methods could not be used owing to instability of 
the empty receptor sites relative to the occupied receptor sites [15]. 
"Possibly irreversible. 



TABLE III. Distribution and Frequency of U5 I-CSF-1 Binding Cell s in Murine Tissues 

Average number of l25 I-CSF-l 

Cel | type Percent labeled cells molecules/labeled cell 



Bone marrow 
. Spleen 

Blood mononuclear 
Peritoneal exudate 
Peritoneal 
Alveolar 
Lymph node 
Blood granulocyte 
Thy 



4.3. 

2.4 

7.5 
ND (98.0) 
17.0 (95.0) 
11.8 

0.4 

0 

0 



5,600 

9,600 

3,000 
ND (73,000) 
10,000 (24,000) 
16,000 

8,000 

0 

0 



Data obtained from autoradiographs and cell binding experiments on freshly explanted cells [27] ND. 
not done. Figures in parentheses are from the adherent fractions of these cell populations that were 
cultured for 24 hr in the absence of CSF-l prior to binding [15,26]. With the ^ff^^J^ 
cells, the proportion of labeled cells in the cell population was not significantly Afferent from the 
reported proportion of mononuclear phagocytes. In the case of the alveolar cells, ^ Proportion of 
labeled cells was significantly lower than the reported proportion of mononuclear phagocytes, and 
macrophages could be seen that did not have grains associated with them. 
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MECHANISM OF CSF-1 ACTION 

In order to study the cell biological and molecular aspects of the mechanism of 
CSF-1 action, it is desirable to work with homogeneous populations of target cells. 
The more immature cells of the mononuclear phagocytic series represent a very small 
proportion of the cells in the tissues in which they occur (bone marrow, spleen, 
blood; Table III). As it is difficult to purify large numbers of these cells, their 
effectiveness as a target cell population is limited. On the other hand, the more mature 
cells (macrophages) are easily isolated as relatively pure populations but exhibit 
heterogeneity in their proliferative responses (Table I) and are contaminated with 
CSF-l-producing cells of fibroblastoid morphology. The latter problems, however, 
can be overcome by culturing mouse bone marrow cells in the presence of CSF-1- 
containing preparations for 3 days and selecting from the nonadherent (or undiffer- 
entiated; Table I) fraction those cells that become adherent— ie, differentiate, during 
a subsequent 2-day culture period. These selected cells; termed "bone marrow- 
derived macrophages" (BMM) because of their macrophage morphology, represent a 
homogeneous population that responds to CSF-1 by extensive proliferation and >95% 
of which binds l25 I-CSF-l [10] . 

The effects of CSF-1 on BMM morphology have been studied at the light- 
microscopic level. Relative to nonproliferating BMM, proliferating BMM are much 
enlarged and have a "foamy" appearance owing to the presence of numerous phase- 
lucent vacuoles. As these vacuoles do not stain with Oil Red O and do not possess 
cytochemically demonstrable acid phosphatase activity, they are probably pinocytic 
in origin. Proliferating cells also exhibit increased membrane ruffling and possess 
larger numbers of filopodia than do nonproliferating cells [10]. These latter changes 
appear within minutes after CSF-1 addition to nonproliferating cells (Tushinski et al, 
in preparation). The relationship between CSF-Hnduced vacuolation, thfc intralyso- 
somal destruction of CSF-1, and the proliferative response to CSF-1 is currently 
being studied in BMM populations. 

Studies on the requirement of CSF-1 for BMM proliferation indicate that its 
presence during the G! phase of the cell cycle is both necessary and sufficient for 
entry of BMM into S phase and their progression through G 2 and M (Tbshinski et al, 
in preparation). Removal of CSF-1 from exponentially growing BMM cultured in 
15% fetal calf serum-containing medium decreases the rate of DNA synthesis by 
more than 100-fold. Addition of CSF-1 to these cells causes them to resume DNA 
synthesis within 10-12 hr, but has more immediate effects on protein metabolism. 
Within 2 hr after CSF-1 addition, the BMM protein synthetic rate is maximally 
stimulated and this, together with the CSF-l-induced decrease in the rate of intracel- 
lular protein degradation, leads to an accumulation of total cell protein, which is 
apparent in as little as 2 hr after stimulation. The increased protein synthetic rate is a 
linear function of the CSF-1 concentration, whereas the inhibition of protein degra- 
dative rate is an exponential function of the CSF-1 concentration, and inhibition of 
the protein degradative rate may be an integral part of the mechanism by which CSF- 
1 induces BMM survival [40]. Current studies of the mechanism of CSF-1 action on 
BMM are directed toward the analysis of very rapid events, including ion transport 
and protein phosphorylation, which may be induced by the growth factor. 

Because of the limited amount of pure CSF-1 available for whole animal work, 
almost all studies of the mechanism of CSF-1 action have been carried out in vitro. 
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However, measurement of CSF levels and colony-forming cells in a variety of 
experimental and clinical situations is consistent with an involvement of the CSFs as 
a group in the physiological regulation of granulocyte and macrophage production 
[reviewed in 28]. Other in vitro studies indicate that CSF-1 stimulates the release of 
plasminogen activator [25,29], prostaglandins [30], and interleukin-1 [31] by macro- 
phages It is apparent from these observations and from its separate effects on cell 
morphology, protein synthetic, and protein degradative rates, that CSF-1 regulates a 
pleiotropic response by mononuclear phagocytes. 



GROWTH FACTORS STIMULATING MONONUCLEAR PHAGOCYTE 
PROGENITOR CELL PRODUCTION j 

It is clear that CSF-1 plays an important role in the generation of mononuclear 
phagocytes from CFU-C and in the regulation of the activities of mononuclear 
phagocytes in general. However, the question remains as to how the CFU-C them- 
selves are derived from pluripotent, hemopoietic stem cells and whether hemopoietic 
growth factors are involved in that process. Bradley and colleagues [32,33] have 
developed an assay for a precursor cell of the CFU-C. They have termed this 
precursor the high-proliferative potential colony-forming cell (HPP-CFC). HPP- 
CFCs share many properties with hemopoietic stem cells and can be stimulated to 
form much larger colonies of macrophages than those formed by CFU-C in the 
presence of CSF-1. Formation of these larger colonies requires the presence of both 
CSF-1 and a factor which synergizes with CSF-1 [34] (Bartelmez et al, unpublished 
observations). In order to investigate the roles of the synergistic factor and other 
hemopoietic growth factors that might regulate the generation of CFU-C, we have 
developed assays- which detect factors that stimulate an increase in the numbers ot 
nonadherent '"l-CSF-1 binding cells during short-term culture. Two growth factors 
have been resolved. Both increase the number of CSF-l-binding, nonadherent ceUs- 
one in the absence of CSF-1, while the other requires CSF-1 for its action. These 
factors (M r -30,000 and M r -20,000, respectively) act on more immature cells 
than those that respond to CSF-1 alone and appear to be distinct from CSFom- 
Current studies in this area are directed toward the purification and characterization 
of these new hemopoietic growth factors and analysis of their effects on the generation 
of precursor cells for other hemopoietic cell lineages. 

SUMMARY AND CONCLUSIONS 

CSF-1 is the only mononuclear phagocyte lineage-specific growth factor de- 
scribed to date. Despite its unusually high degree of glycosylate, it appears that a 
completely deglycosylated form might still retain in vitro biological activity. This 
conclusion raises the question of the function of the CSF-1 oligosaccharides Since 
CSF-1 acts on macrophages that release proteases [35-37] and which are found with 
CSF-1 in areas of local inflammation, its substantial glycosylate may provide 
protection from extracellular degradation. It is interesting to note that without its 
carbohydrate, CSF-1 shares structure-activity relationships with the biologically ac- 
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tive subunit of nerve growth factor (j8-NGF). /3-NGF is a dimer composed of two 
noncovalently associated polypeptide chains of M r ~ 14,000 with identical or com- 
pletely overlapping sequences [38]. Determination of the amino acid sequence of the 
CSF-1 polypeptide chain(s) will resolve the question of whether CSF-1 is related to 
/3-NGF, which belongs to the family of insulin-related growth factors [39]. 

As in the case of other growth factors and the polypeptide hormones, the 
biological effects of CSF-1 are mediated by a specific cell-surface receptor. These 
effects include the stimulation of target cell survival, proliferation, and differentiation 
as well as other morphological and functional changes. Studies on the mechanism(s) 
by which the CSF-1 receptor system leads to the pleiotropic effects of CSF-1 on 
mononuclear phagocytes will be facilitated by the recent development of methods for 
obtaining homogeneous populations of target cells (BMM). However, the restricted 
occurrence of the CSF-1 receptor among cells of the mononuclear phagocytic series 
makes it an excellent marker of this lineage, and has already led to the delineation of 
two new growth factors that may be involved in directing hemopoietic cell prolifer- 
ation and differentiation at the level of the hemopoietic stem cell. These latter studies 
may help elucidate the basic mechanisms by which several growth factors interact in 
the generation of mature cells from immature precursor cells in proliferating tissues. 
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